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(54) Method for dynamically determining the wheel grounding and wheel lifting conditions and 
their applications in roll stability control 



(57) A method for controlling an automotive vehicle 
having a plurality of wheels, includes detemiining ayaw 
rate, detenmining a lateral acceleration, determining a 
roll rate, determining longitudinal acceleration; and de- 
termining a calculated angle relative to the vehicle. The 
method further includes generating a wheel lift signal or 
a wheel grounded signal (306) as a function of yaw rate, 
lateral acceleration, roll rate and longitudinal accelera- 
tion, adjusting the calculated angle in response to the 
wheel lift or wheel grounded signal (31 2), and controlling 
a safety system in response to the calculated vehicle 
angle. 
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Description 

RELATED APPLICATIONS 

5 [0001] The present invention claims priority to U.S. provisional patent applications nos. 60/400,375, 60/400,261, 
60/400,172, 60/400,376, 60/400,156, and 60/400,155, all filed on August 1 , 2002, and 60/401 ,418 filed on August 5, 
2002, and is a continuation-in-part of U.S. patent application 10/038,364 entitled "Wheel Lift identification For An Au- 
tomotive Vehicle", which is a continuation-in-part of U.S patent application 09/669,51 3 entitled "Wheel Lift Identification 
For An Automotive Vehicle", each of which are hereby incorporated by reference herein, and U.S. patent applications 

10 (Attorney Docket Nos. 202-0762/FGT-1 678, 202-0634/ FGT-1 679, and 203-0433/ FGT-1 683), filed simultaneously here- 
with. 

TECHNICAL FIELD 

15 [0002] The present embodiment relates generally to a control apparatus for controlling a system of an automotive 
vehicle in response to sensed dynamic behavior, and more specifically, to a method and apparatus for determining 
whether a wheel of an automotive vehicle has lifted from the pavement using passive wheel lift detection. 

BACKGROUND 

20 

[0003] Dynamic control systems for automotive vehicles have recently begun to be offered on various products. 
Dynamic control systems typically control the yaw of the vehicle by controlling the braking effort at the various wheels 
of the vehicle. Yaw control systems typically compare the desired direction of the vehicle based upon the steering 
wheel angle and the direction of travel. By regulating the amount of braking at each corner of the vehicle, the desired 
25 direction of travel may be maintained. Typically, the dynamic control systems do not address rollover (wheels lifting) 
of the vehicle. For high profile vehicles in particular, it would be desirable to control the rollover characteristic of the 
vehicle to maintain the vehicle position with respect to the road. That is, it is desirable to maintain contact of each of 
the four tires of the vehicle on the road. 

[0004] In vehicle rollover control, it is desired to alter the vehicle attitude such that its motion along the roll direction 
30 is prevented from achieving a predetermined limit (rollover limit) with the aid of the actuation from the available active 
systems such as controllable brake system, steering system and suspension system. Although the vehicle attitijde is 
well defined, direct measurement is usually impossible. 

[0005] During a potential vehicular rollover event, wheels on one side of the vehicle start lifting, and the roll center 
of the vehicle shifts to the contact patch of the remaining tires. This shifted roll center Increases the roll moment of 
35 inertia of the vehicle, and hence reduces the roll acceleration of the vehicle. However, the roll attitude could still increase 
rapidly. The corresponding roll motion when the vehicle starts side lifting deviates from the roll motion during normal 
driving conditions. 

[0006] When the wheels start to lift from the pavement, it is desirable to confirm this condition. This allows the system 
to make an accurate detemnination as to the appropriate correction. If wheels are on the ground, or recontact the 
40 ground after a lift condition, this also assists with accurate control. 

[0007] Some systems use position sensors to measure the relative distance between the vehicle body and the vehicle 
suspension. One drawback to such systems is that the distance from the body to the road must be infen-ed. This also 
increases the number of sensors on the vehicle. Other techniques use sensor signals to indirectly detect wheel lifting 
qualitatively. 

45 [0008] One example of a wheel lifting determination can be found in U.S. 6,356,188. The system applies a change 
in torque to the wheels to detennine wheel lift. The output from such a wheel lifting determination unit can be used 
qualitatively. This method is an active detemnination since the basis of the system relies on changing the torque of the 
wheels by the application of brakes or the like, in some situations it may be desirable to detemnine wheel lift without 
changing the torque of a wheel. 

50 [0009] It would therefore be desirable to provide a rollover detection system that improves reliability in predicting the 
occurrence of wheel lift during the operation of the automotive vehicle. 

SUMMARY 

55 [0010] A method for controlling an automotive vehicle having a plurality of wheels includes determining a yaw rate, 
determining a lateral acceleration, determining a roll rate, determining longitudinal acceleration; and detenmining a 
calculated angle relative to the vehicle. 

[0011] The method further includes generating a wheel lift signal or a wheel grounded signal as a function of yaw 
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rate, lateral acceleration, roll rate and longitudinal acceleration, adjusting the calculated angle in response to the wheel 
lift or wheel grounded signal, and controlling a safety system in response to the calculated vehicle angle. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 

[0012] Figure 1 is a diagrammatic view of a vehicle with variable vectors and coordinate frames according to one 
embodiment of the present Invention. 

[0013] Figure 2A Is a block diagram of a stability system according to one embodiment of the present invention. 
[0014] Figure 2B is a block diagrammatic view of the wheel lift detection system of Figure 2A. 
10 [0015] Figure 2C is a block diagrammatic view of the rollover stability control feedback command of Figure 2A. 

[001 6] Figure 3 is a diagrammatic view of a vehicle showing the displacement of the vehicle body and axle relative 
to road surface. 

[001 7] Figure 4 Is a diagrammatic view showing the forces applied to the front wheel/tire/suspenslon assembly during 
a potential rollover event. 

IS [001 B] Figure 5 is a diagrammatic view showing the forces applied to the rear wheel/tire/suspenslon assembly during 
a potential rollover event. 

[0019] Figure 6 is flow chart of a passive wheel lift determination according to one embodiment of the present in- 
vention. 

[0020] Figure 7 is a flow chart of an active wheel lift identification system according to one embodiment of the present 
20 invention. 

[0021] Figure 8A is a plot of pressure versus time for a wheel lift identification system according to one embodiment 
of the present invention. 

[0022] Figure 8B is a plot of wheel speed versus time for a wheel lift identification system according to one embod- 
iment of the present invention. 

25 [0023] Figure 9 is a flow chart illustrating a plot of a passive wheel lift detection using the operating torque of the 
vehicle. 

[0024] Figure 10 Is an end view of an automotive vehicle on a bank. 
[0025] Figure 11 is a block diagrammatic view of the controller. 

[0026] Figure 12 is a high level flow chart Illustrating condition detection and the resulting actions. 
30 [0027] Figure 1 3 is a flow chart of a drive train based decision step 302 of Figure 12. 

[0028] Figure 14 is a flow chart of the passive wheel lift grounding detection step 304 of Figure 12. 
[0029] Figure 15 is a flow chart of the active wheel lift grounding detection step 308 of Figure 12. 
[0030] Figure 1 6 is a flow chart of the resulting actions step 312 of Figure 12. 



35 Detailed Description 



[0031] In the following figures the same reference numerals will be used to identify the same components. The 
present invention is preferably used in conjunction with a rollover control system for a vehicle. However, the present 
invention may also be used with a deployment device such as alrbag or roll bar The present invention will be discussed 

40 below in terms of preferred embodiments relating to an automotive vehicle moving in a three-dimensional road terrain. 
[0032] Wheel lift detection is the determination of when a wheel has lifted from the pavement. A passive system 
determines wheel lift Indirectly using outputs from various sensors without perturbing the vehicle or wheels. 
[0033] The present invention uses passive wheel detection which is named in comparison with the so-called active 
wheel lift detection of U.S. patent 6,356,188. In active wheel lift detection, the wheel lifting is identified by requesting 

45 a change in torque at a wheel such as by applying a small amount of pressure in each wheel and then checking what 
the wheel slip ratio is doing. In passive wheel lift detection as set forth herein, the available sensor signals are used 
to identify wheel lifting without the system requiring a pressure command to the brake system of each wheel. Of course, 
as will be described below, active and passive detection may be used together. Wheel lifting typically occurs on the 
wheels on the inside of a turn. Depending on the vehicle configuration such as suspension, the front wheel or rear 

50 wheel may lift first. 

[0034] Referring to Figure 1 , an automotive vehicle 1 0 with a safety system of the present Invention is illustrated with 
the various forces and moments thereon during a rollover condition. Vehicle 10 has front right (FR) and front left (FL) 
wheel/tires 12A and 12B and rear right (RR) wheel/tires 13A and rear left (RL) tires 13B respectively. These tires are 
labeled 0,1,2, and 3 in some embodiments below. The vehicle 10 may also have a number of different types of front 
55 steering systems 14a and rear steering systems 14b including having each of the front and rear wheels configured 
with a respective controllable actuator, the front and rear wheels having a conventional type system in which both of 
the front wheels are controlled together and both of the rear wheels are controlled together, a system having conven- 
tional front steering and independently controllable rear steering for each of the wheels or vice versa. Generally, the 



3 



BNSOOCID: <EP 1386805A2_L> 



EP 1 386 805 A2 



vehicle has a weight represented as Mg at the center of gravity of the vehicle, where g = 9.8 mis^ and M is the total 
mass of the vehicle. 

[0035] As mentioned above, the system may also be used with safety systems Including active/semi-active suspen- 
sion systems, anti-roll bar, or airbags or other safety devices deployed or activated upon sensing predetemriined dy- 

5 namic conditions of the vehicle. 

[0036] The sensing system 1 6 is coupled to a control system 1 8. The sensing system 1 6 may comprise many different 
sensors including the sensor set typically found in a rollover control system (including lateral accelerometer, yaw rate 
sensor, steering angle sensor and wheel speed sensor) together with a roll rate sensor, a vertical accelerometer, and 
a longitudinal accelerometer. The various sensors will be further described below. The present invention uses the 

10 various sensors to detemnine wheel lift. The sensors may also be used by the control system in various determinations 
such as to detemnine a lifting event. The wheel speed sensors 20 are mounted at each corner of the vehicle and 
generate signals con-esponding to the rotational speed of each wheel. The rest of the sensors of sensing system 16 
may be mounted directly on the center of gravity of the vehicle body, along the directions x,y and z shown in Figure 1 
As those skilled in the art will recognize, the frame from b^, b2 and is called a body frame 22, whose origin is located 

15 at the center of gravity of the car body, with the corresponding to the xaxis pointing forward, corresponding to 
the y axis pointing off the driving side (to the left), and the ^3 corresponding to the z axis pointing upward. The angular 
rates of the car body are denoted about their respective axes as w^^ for the roll rate, Wy for the pitch rate and 
yaw rate. The present invention calculations preferably may take place in an inertia! frame 24 that may be derived from 
the body frame 22 as described below. 

20 [0037] The angular rate sensors and the accelerometers may be mounted on the vehicle car body along the body 
frame directions b^, fcg ^"^1 i>3, which are the x-y-z axes of the sprung mass of the vehicle. 

[0038] The longitudinal acceleration sensor is mounted on the car body located at the center of gravity, with its 
sensing direction along b^-axis, whose output is denoted as a^. The lateral acceleration sensor is mounted on the car 
body located at the center of gravity, with its sensing direction along fc^-axis, whose output is denoted as 
25 [0039] The other frame used in the following discussion includes the road frame, as depicted in Figure 1 . The road 
frame system r^rg-^s is fixed on the driven road surface, where the axis is along the average road normal direction 
computed from the normal directions of the four-tire/road contact patches. 

[0040] In the following discussion, the Euler angles of the body frame b^b^^ with respect to the road frame r.,r2r3 
are denoted as 6^^^ Qy^, and G^^^ which are also called the relative Euler angles (i.e.. relative roll, relative pitch and 

30 relative yaw angles, respectively) . 

[0041] Referring now to Figure 2, roll stability control system 18 is illustrated in further detail having a controller 26 
used for receiving information from a number of sensors which may include a yaw rate sensor 28, a speed sensor 20, 
a lateral acceleration sensor 32, a vertical accelerometer sensor 33, a roll angular rate sensor 34, a steering wheel 
(hand wheel) angle sensor 35, a longitudinal acceleration sensor 36, a pitch rate sensor 37, steering angle (of the 

35 wheels or actuator) position sensor 38, suspension load sensor 40 and suspension position sensor 42. 

[0042] Controller 26 may include a signal multiplexer 50 that is used to receive the signals from the sensors 28-42. 
The signal multiplexer 501 provides the signals to a wheel lift detector 52, a vehicle roll angle calculator 54, and to a 
roll stability control (RSC) feedback control command 56. Also, wheel lift detector 52 may be coupled to the vehicle 
roll angle calculator 64. The vehicle roll angle calculator 54 may also be coupled to the RSC feedback command 56. 

40 Vehicle roll angle calculator 54 is described in provisional applications 60/400,376 and 60/400,1 72, and U.S. application 
(Docket No. 201-0938/FGT 1660), the disclosures of which are incorporated herein by reference. 
[0043] Referring now also to Figure 2B, the wheel lift detector 52 may Include passive wheel detector 58 as will be 
further described herein, active wheel detector 60 as described above with respect to the prior art and an integrated 
wheel lift detector 62. Thus, both active and passive may be used together. As will be further described below, an 

45 arbitration scheme between the active and passive lifting may be used in a wheel final lift determination. 

[0044] Referring now also to Figure 2C, the roll stability control (RSC) feedback command control 56 may also include 
a first roll condition detector 64A, a second roll condition detector 64B, a third roll condition detector 64C, a fourth roll 
condition detector, and a roll event sensor 66. It should be noted that the implementation of the wheel lift detector 52, 
the vehicle roll angle calculator 54, the roll stability control feedback control command 56 having a torque control system 

50 57 (described further below), the passive wheel lift detection 58, the active wheel lift detection 60, and the integrated 
wheel lift detection 62 may all be incorporated in software within the controller 26. 

[0045] Wheel lift detector 52 determines a qualitative detennination of vehicle rollover. This is in contrast to the 
vehicle roll angle calculator 54, which is a quantitative detemnination of rollover. Active wheel lift detector 60 can be 
determined in many ways including U.S. Provisional Applications 60/400,375 and 60/400,156, both filed August 1, 
55 2002. and U.S. Patent 6,356,1 88, the disclosures of which are incorporated by reference herein. The integrated wheel 
lift detector 62 is set forth in U.S. Provisional Application 60/401 ,41 8 filed August 5, 2002, the disclosure of which is 
incorporated herein. Vehicle roll angle calculator 54 Is described in U.S. Provisional Applications 60/400,376 and 
60/400, 1 72, both filed August 1 . 2002, and Ford Disclosure 201-0938 (FGT1 660), which are incorporated by reference 
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herein. 

[0046] In the preferred embodiment the sensors are located at the center of gravity of the vehicle. Those skilled in 
the art will recognize that the sensor may also be located off the center of gravity and translated equivalently thereto. 
[0047] Lateral acceleration, roll orientation and speed may be obtained using a global positioning system (GPS). 

5 Based upon inputs from the sensors, controller 26 may control a safety device 44. Depending on the desired sensitivity 
of the system and various other factors, not ail the sensors 28-42 may be used in a commercial embodiment. Safety 
device 44 may control an airbag 45 or a steering actuator/braking actuator 12, 13, 13A, 13B at one or more of the 
wheels 47A, 47B, 47C, 47D of the vehicle. Also, other vehicle components such as a suspension control 48 may be 
used to adjust the suspension to prevent rollover. 

10 [0048] Roll angular rate sensor 34 and pitch rate sensor 37 may sense the roll condition or lifting of the vehicle based 
on sensing the height of one or more points on the vehicle relative to the road surface. Sensors that may be used to 
achieve this include a radar-based proximity sensor, a laser-based proximity sensor and a sonar-based proximity sen- 
sor. 

[0049] Roll rate sensor 34 and pitch rate sensor 37 may also sense the roll condition or lifting based on sensing the 
15 linear or rotational relative displacement ordlsplacementvelocity of one or more of the suspension chassis components. 
This may be in addition to or in combination with suspension position sensor 42. The position sensor 42, roll rate sensor 
34 and/or the pitch rate sensor 37 may include a linear height or travel sensor, a rotary height or travel sensor, a wheel 
speed sensor used to look for a change in velocity, a steering wheel position sensor, a steering wheel velocity sensor 
and a driver heading command input from an electronic component that may include steer by wire using a hand wheel 
20 or joy stick. 

[0050] The roll condition or lifting may also be sensed by sensing directly or estimating' the force ortorque associated 
with the loading condition of one or more suspension or chassis components including a pressure transducer in an act 
of air suspension, a shock absorber sensor such as a load sensor 40, a strain gauge, the steering system absolute or 
relative motor load, the steering system pressure of the hydraulic lines, a tire laterally force sensor or sensors, a 
25 longitudinal tire force sensor, a vertical tire force sensor or a tire sidewall torsion sensor. The yaw rate sensor 28, the 
roll rate sensor 34. the lateral acceleration sensor 32, and the longitudinal acceleration sensor 36 may be used together 
to determine that the wheel has lifted. Such sensors may be used to detemiine wheel lift or estimate normal loading 
associated with wheel lift. These are passive methods as well. 

[0051] The roll condition of the vehicle may also be established by one or more of the following translational or 
30 rotational positions, velocities or accelerations of the vehicle including a roll gyro, the roll rate sensor 34, the yaw rate 
sensor 28, the lateral acceleration sensor 32, the vertical acceleration sensor 33, a vehicle longitudinal acceleration 
sensor 36, lateral or vertical speed sensor including a wheel-based speed sensor 20, a radar-based speed sensor, a 
sonar-based speed sensor, a laser-based speed sensor or an optical-based speed sensor. 

[0052] Safety device 44 may control the position of the front right wheel actuator 46A, the front left wheel actuator 
35 46B, the rear left wheel actuator 46C, and the right rear wheel actuator 46D. Although as described above, two or more 
of the actuators may be simultaneously controlled. For example, in a rack-and-pinion system, the two wheels coupled 
thereto are simultaneously controlled. Based on the inputs from sensors 28 through 42, controller 26 determines a roll 
condition and/or wheel lift and controls the steering position of the wheels. 

[0053] Speed sensor 30 may be one of a variety of speed sensors known to those skilled in the art. For example, a 
40 suitable speed sensor may include a sensor at every wheel that is averaged by controller 26. The controller may 
translate the wheel speeds into the speed of the vehicle. Yaw rate, steering angle, wheel speed and possibly a slip 
angle estimate at each wheel may be translated back to the speed of the vehicle at the center of gravity. Various other 
algorithms are known to those skilled in the art. Speed may also be obtained from a transmission sensor. For example, 
if speed is determined while speeding up or braking around a corner, the lowest or highest wheel speed may not be 
45 used because of its error. Also, a transmission sensor may be used to determine vehicle speed. 

[0054] Load sensor 40 may be a toad cell coupled to one or more suspension components. By measuring the stress, 
strain or weight on the load sensor a shifting of the load can be determined. 

[0055] The present invention uses several different combinations of sensors to determine a wheel lift status. Once 
the roll condition is determined, quantitative wheel lifting corresponding to that condition may be determined. The 
50 following is a summary of how the quantitative wheel lifting indication from the various vehicle motion variables after 
qualitative wheel lifting status is identified. 

[0056] The roll condition of a vehicle can be characterized by the relative roll angle between the vehicle body and 
the wheel axle and the wheel departure angle (between the wheel axle and the average road surface). Both the relative 
roil angle and the wheel departure angle may be calculated in relative roll angle estimation module by using the roll 
55 rate and lateral acceleration sensor signals. If both the relative roll angle and the wheel departure angles are large 
enough, the vehicle may be in either single wheel lifting or double wheel lifting. On the other hand if the magnitude of 
both angles are small enough, the wheels are likely all grounded. 

[0057] The roll condition of a vehicle can be characterized by rolling radius-based wheel departure roll angle, which 
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captures the angle between the wheel axle and the average road surface through the dynamic rolling radii of the left 
and right wheels when both of the wheels are grounded. Since the computation of the rolling radius is related to the 
wheel speed and the linear velocity of the wheel, such rolling-radius based wheel departure angle will assume abnomrial 
values when there are large wheel slips. This happens when a wheel is lifted and there is torque applied to the wheel. 
5 Therefore, if this rolling radius-based wheel departure angle is increasing rapidly, the vehicle might have lifted wheels. 
Small magnitude of this angle indicates the wheels are all grounded. 

[0058] The roll condition of the vehicle can be seen indirectly from the wheel longitudinal slip. If during a normal 
braking or driving torque the wheels at one side of the vehicle experience increased magnitude of slip, then the wheels 
of that side are losing longitudinal road torque. This Implies that the wheels are either driven on a low mu surface or 
10 lifted up. 

[0059] The roll condition of the vehicle can be characterized by the normal loading sustained at each wheel. Theo- 
retically, when a normal loading at a wheel decreases to zero, the wheel is no longer contacting the road surface. In 
this case a potential rollover is under the way. Large magnitude of this loading indicates that the wheel is grounded. 
[0060] The roll condition can be identified by checking the actual road torques applied to the wheels and the road 
15 torques which are needed to sustain the wheels when they are grounded. The actual road torques can be obtained 
through torque balancing for each wheel using wheel acceleration, driving torque and braking torque. If the wheel is 
contacting the road surface, the calculated actual road torques must match or be larger than the torques determined 
from the nonlinear torques calculated from the nomnal loading and the longitudinal slip at each wheel. 

20 RELATIVE ROLL ANGLE AND WHEEL DEPARTURE ANGLE USING LATERAL ACCELERATION AND ROLL 
ANGULAR RATE SENSOR 

[0061 ] The roll condition of a vehicle can be characterized by the relative roll angle 6^, the vehicle body and the wheel 
axle, which has been calculated by using the roll rate and lateral acceleration sensor signals. If this roll angle is in- 
25 creasing rapidly, the vehicle might be in the edge of wheel lifting or rollover Small magnitude of this angle indicates 
the wheels are not lifted or are all grounded. 

[0062] The roll condition of a vehicle can also be characterized by the roll angle between the wheel axle and the 
average road surface, this is called wheel departure angle. If this roll angles is increasing rapidly, the vehicle has lifted 
wheel or wheels and aggressive control action needs to betaken in order to prevent the vehicle from rolling over. Small 
30 magnitude of this angle Indicates the wheels are not lifted. This section describes how to quantitatively determine the 
vehicle roll angle when a qualitative wheel lifting is identified. That is. if a qualitative wheel lifting is detected, a quan- 
titative computation of the wheel lifting may be initiated. 

[0063] Referring now to Figures 3, 4 and 5, the present invention will be discussed below in terms of prefen-ed 
embodiments relating to an automotive vehicle having a wheel/tire/suspenslon assembly 54 during potential rollover 
35 events where one side of the vehicle is lifted or one side of the vehicle tires loss contact with the road surface or one 
side of the tires do not carry normal loadings. The wheel/tire/suspension assembly has an axle 56. Although a physical 
axle may not be present axle is a tenri used for the common axis of the front or rear wheels. 

[0064] The sensing system uses the lateral acceleration sensor 32 and the roll angular rate sensor 34 to determine 
wheel lift in one of the roll condition detectors 64A-D. The lateral acceleration sensor 32 is used to measure the total 
40 lateral acceleration of the center of gravity of the vehicle body, and the roll rate sensor 34 measures the vehicle body 
roll angular rate. The method of determining wheel lifting using the roll rate sensor 34 and the lateral acceleration 
sensor 32 is described in US Patent Application [Docket Number 201-0938/FGT 1660], the disclosure of which is 
incorporated by reference. 

[0065] The vehicle body 10 is connected with the wheel/tire assemblies 12A, 12B, 13A, 13B through suspensions 
45 60^r, 60rp 60if, and 60^. collectively suspension 60. The tire forces are transferred to the vehicle body through the 
suspensions 60. Those forces can be projected along the vehicle body-fixed y- and z-axes. The suspension forces 
projected along the body-fixed y axis (or body-fixed lateral direction) are denoted as S^^ ,Sy^ ^yir'^yrr left-front, 
right-front, left-rear and right-rear comers; the suspension forces projected along the body-fixed z axis (or body-fixed 
vertical direction) as S^^ ^zrf S^tr^^zrr • The total lateral forces applied to the vehicle body along the body-fixed lateral 



50 axis are S^, i.e. 



55 [0066] The vehicle body has roll angular displacement due to the suspension forces and the vehicle roll accelerations. 
The roll angular rate of the vehicle body is . Around center of gravity of the vehicle body, the suspension forces- 
induced roll moment around the vehicle center of gravity (e.g.) needs to match the inertia moment from this w^. The 
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suspension forces-induced roli nnoment around the e.g. has two tenns: 

the roll moment Mgygp.^^ due to the vertical suspension forces S^^ , S^^f , S^ir ,S^n * 
the roll moment M^^^^i^^ due to the total lateral suspension force Sy . 

[0067] From Figure 5, the following expressions for M^^.^^ and M^^p^^^ may be obtained 

_ (2) 
[0068] The vehicle body roll angular rate must satisfy the following 

'x^x = ^susp-uert + ^susp-lnt (3) 

where is the vehicle body roll moment of inertia around the e.g. of the vehicle body. If the suspension resultant roll 
^ stiffness and roll damping rates (Including anti-roll-bars, suspensions, etc.) are respectively defined as K^;/and D^^, 
and 6^^ as the relative angular displacement between the vehicle body and the average wheel axle, then the roll 
moment due to vertical suspension forces M^^y^^ can be further expressed as 



5 



10 



IS 



25 



30 



[0069] The roll moment due to lateral suspension forces M^^^^p^j^^ needs to be further defined so that the roll angular 
rate sensors and the lateral accelerometer may be used. The longitudinal and lateral velocities of the e.g. of the vehicle 
body are and vy, which are measured along body-fixed x- and y-axis respectively, and w^ is the yaw rate of the 
vehicle. The lateral dynamics of the vehicle body will satisfy the following equation of motion based on Newton's law: 



( + ^z^x ) = + sin^e^^ + e^^; (5) 

where %y^f. is the relative angular displacement between the wheel axle and the road surface, (or the departure angle 
of the wheel axle from the road surface), is the vehicle body mass (or the sprung mass of the vehicle). Solving Sy 
from (5) and substituting Sy into the second equation of (2) leads to 

[0070] The dynamic equation to depict the wheel axle departure angle from the road surface. There are two wheel 
sets, one on the front (Fig. 4) and one on the rear (Fig. 6). Due to the differences in front and rear suspensions and 
inertias, there are slight differences between the front and the rear wheel axle departure angles, ^wr-fmnt denoted as 
the front wheel departure angle and ^wr-r^^r denoted as the rear wheel departure angle. The average of those two 
angles is used to define the angle 6^^ 



45 



^wr-front **"®iwwar 



50 



iw= o • ^'f 



[0071] The assembly consists of the wheel, the tires and the suspensions. Figure 4 shows the rear axle of such 
assembly. In order to avoid solving the front lateral and vertical tire forces F^^and the rear lateral and vertical tire 
forces Fyy.and F^^, the equation of motion was written around the outer tire contact patch for front and rear assemblies 
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where h is the distance between the vehicle body e.g. and the road surface when the car is parlced; l^^and Ur^re 
the roll moments of inertia of the front and rear wheelAire/suspension assemblies around the contact patches of the 
10 outer tires; and are the total masses of the front and rear wheel/tire/suspension assemblies; is the half of 

the wheel track. , ^ . ^ . 

[0072] Up to now vehicle states or motion variables were associated with the relative roll angles of interest. The 
goal is to detemiine the relative roll angles with the available sensor signals. In order to establish the connection, the 
sensor signals are related with those motion variables used to derive equations (3) and (8). First consider the lateral 
15 acceleration sensor output, which is denoted as Sy^sensor ■ The measured signal aj^.^^^^^includes various components 
due to the vehicle yaw. longitudinal, lateral motions and gravity, and It can be related to the lateral, longitudinal, yaw 
motion variables and the gravity, as in the following: 



20 



25 



30 



35 



40 



a 



y sensor y 



and the roll angular rate sensor output measures the same roll rate used before, i.e., 

^x-sansor-^x' ^^^^ 

[0073] Substituting (9) into (5) leads to 

^susp-lat M fh^gay_sensor [11) 
Sy = M s^y—sansot' 

[0074] Therefore (3) can be simplified into 

^bvv =^1 ^bw '^2^x^sensor + <^2^y-sensor 

Where the coefficients in the equation can be related to the vehicle parameters as in the following: 

[0075] Adding together the two equations in (8) and Substituting (1 1 ) into the resultant equation leads to the following 
equation 

50 

where the coefficients in the equation can be related to the vehicle parameters as 



8 



BNSDOCID: <EP 1386805A2J_> 



EP 1 386 805 A2 



15 



20 



25 



35 



C'l = —J T-J 5. ^2 = -y^ 

'wxf^ 'wxr 'wxt^ 'wxr 



^roO . ^roll 



'wxf^ 'wxr 'wxf^ 'wxr 

[0076] Based on (1 2) the angles of interest can be related to the two sensor signals 3y.g^g^an6 iv^^^^ . A digital 
10 algorithm using a Tyler expansion to the continuous time differential equation in order to obtain the digital version of 
the sensing algorithm can be used as in the following for estimating the relative roll angles 



xik + 1) = x{k) + AT * gik) (14) 
^wrik + 1) = e^(k) + A T * x{k) + AT2 * g{k) 

where AT is the sampling time of the implemented algorithm, 

f(k)= - c^e^^Jk) - C2W^.^^^/k) +c^ay_^^„^/k) 
g(k) = -d, cos {Q^/k)) + 1 d2ay.^^(k)cos{Qi,Jk)) + d^^Jk) + c^e^{/f). (15) 



[0077] In a digital implementation, the previously known angles are iteratively used in the angle determinations. This 
reduces the over afl number of processing steps which leads to faster results and ultimately those angles adds more 
^ control authority to the potential vehicle rollover event. 

[0078] Since the quantitative dete mi i nation of the wheel departure angle as in (1 4) depends on when the computation 
should be started, a qualitative rollover indication is required. One of such qualitative rollover indications is the wheel 
lifting detection. Thus, based on the wheel lifting status using the method proposed in this disclosure, a quantitative 
determination of how large the wheel lift is may be determined, which can be used to generate brake control command. 



ROLLING RADIUS-BASED WHEEL DEPARTURE ROLL ANGLE, 6^.^^, 



[0079] Based on the roiling radius-based wheel departure angle, a first qualitative indication of wheel lifting may be 
made as one of the roll condition detectors 64. The rolling radius r(i) of the /-th rolling wheel of a moving vehicle is 
^0 related to the i-th wheel speed Wj (from the Mh ABS wheel speed sensor) and the linear corner velocity of the wheel 
vji) (calculated from the steering angle, the side slip angle and the reference velocity of the vehicle) in the following 
equation: 

m^^^ (16) 

where 1=0,1,2,3 implies the front-left, front-right, rear-left and rear-right wheel, and R(i) is the nominal rolling radius 
used to convert the rotational speed of each wheel to a linear speed. Usually R(0) = R(1) = Rf for front wheels and R 
50 (2) = R(3) = Rp for rear wheels, or R{0) = R(1) = R(2) = R(3) = Rq . 

[0080] The linear comer velocity is derived from the following equation: 
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V, (0) = KJcos(^ ) + tanifi) siniS)] + (o, [/, sin(<5) - cos(<J)] 

V, (1) = KJcosC^f ) + tan(/?) sin(<5)] + (o, [// sin(<^) + cos(6-)] ^ ^ ^ ^ ^ 



to 



where f, and are the half tracks for the front and rear axles. /,and /, are the distances between the center of gravity 
of the vehicle and the front and rear axles, 5 is the steering angle at the front wheel, p is the side slip angle of the 
vehicle, is the yaw rate of the vehicle. 

[0081] The front axle roiling radii-based wheel departure angle (0) can be computed from the rolling radii of 
t5 the front-left and front-right rolling radii in the equation 



20 



{17) 



25 



30 



35 



and the rear axle rolling radii-wheel departure angle e„.^/1) may be calculated from the following equation 



K2)- 



(18) 



where f,is the width of the front wheel track and f/.s the rear wheel track. Axle refers to a common axis not necessarily 
a fixed or physical axle. Using formula (1 6), (1 7) and (1 8). the angles e^^, (0) and 9^^, (1 ) can be computed as in 



the following 



40 



45 



for (i = 0; /• < 4; + +) 

max(H'(/),O.Ol) 



e 



rr—whl 



(1) 



^ ^^/(fi^lzrl^ , _ MAX _ WDA); 



50 



else 



} 



^„_w.,(0)=0; 



55 



Where p^MAX^DRR (for example, 1000) is the allowed maximum dynamic rolling radius, an6 p _MAX _WDA (for 
example 1 3 degree) is the maximum rolling radius based wheel departure angle. 

[0082] Notice that the above deviation assumes that the wheel has negative slip, i.e., there are braking torques 
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applied to the wheels. In the case there are positive torques applied to the wheels, a negative sign is needed. The 
system is passive in a sense that a change in torque is not purposely applied as an active actuator comnnand and it is 
a quantity passively received or observed. That Is, the engine operating input torque is used. 

(/■(r^«(0)>0&&r„^,.(l)>0) 
{ 

} 

'/(r„„«(2)>0&&r,,,^(3)>0) 
{ 

^„-.A,a)=-^.-«*/(i); 

> 

where ^ gctiveO) denotes the observed torque applied to the ith wheel, which could be either a driving torque or a braking 

20 torque, or say X^ctiveO) = -^drivlngO)^ braking (0- 

[0083] Notice that the above computation provides accurate captures for the front and rear wheel axle departure 
angle if the involved two wheels have zero or small longitudinal slip ratio (by comparing a calculated longitudinal slip 
ratio to a longitudinal slip ratio threshold. In the case when a large wheel longitudinal slip is experienced, the afore- 
mentioned computations are no longer very accurate. However, they may still be used to identify a significant slip 

25 difference between left and right wheels. If one of the involved wheels has large slip ratio (for example, its wheel speed 
is close to zero), the computation of (17) or (18) will amplify the wheel departure angle (very large wheel departure 
angle up to 90 degree, this is not the true wheel departure angle). If both the Involved wheels have the similar but large 
slip ratios, (1 7) or (18) will still be small, implying grounded wheels for both left and right sides. 
[0084] Thus, the computation as in (17) or (18) provides accurate description of wheel departure angle (wheel roll 

30 angle) from the average road surface if the wheels do not experience large longitudinal slip; it provides amplified 
characterization when the involved left and right wheels have significant slip differences. 

LONGITUDINAL WHEEL SLIP RATIO 

35 [0085] Another way in which to passively detect wheel lift in one of the roll condition detectors 64 uses longitudinal 
wheel slip ratio. Longitudinal wheel slip may be used to generate a second qualitative indication of wheel lift. 
[0086] The slip power is defined as the product of the slip ratio and the time derivative of the slip ratio. The longitudinal 
slip ratio is the ratio of the 

Wheel speed ^ ^^^.^^ 
vehicle speed 

The vehicle speed may be the vehicle speed at the corner of the vehicle as described below. If the ith wheel slip is 
denoted as s(i) for /= 0,1 ,2,3, then 

Sp(i)^s(i)^. (19) 

[0087] The calculated slip power Sp reflects the magnitude variation of the wheel slip ratio with respect to time 

§/s(i)f= 2s{i)^= 2SpOr (20) 

[0088] Therefore, positive slip power implies divergent wheel slip (magnitude of slip ratio is increased), negative slip 
S5 power indicates a convergent slip ratio (the magnitude of slip ratio is decreased), zero slip power implies that the slip 
ratio is kept constant. Since during wheel lifting, both braking torque and driving torque will generate divergent slip for 
the wheel, hence positive slip power is expected. While in the case of wheel touch-down or a grounded wheel, con- 
vergent wheel slip (negative slip power) Is expected. 
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for 0 = 0; / <4; / + +) 

} 

where o 1 0HZ COEF (for example, 0.9 ) is the coefficient reflecting a low-pass filter with 1 0 Hz cut-off frequency. 
[00891 Thus, wheel slip power provides a real-time characterization of the trend of the wheel slips during transient 
wheel speed changes to provide a qualitative Indication of wheel lifting and thus a wheel lift signal. 

SLIP RATE WHEEL LIFT 

[00901 The roll condition or wheel lift of the vehicle can also be seen indirectly from the wheel longitudinal slip rate, 
f during a nomial braking or driving torque the wheels at one side of the vehicle experience an increased magnrtude 
of slip rate then the wheels are losing longitudinal road torque. This implies that the wheels are either driven on a ow 
mu surface or lifted up. Thus, the longitudinal slip rate may be used in a detemiination of torque based qualitative 

20 detemnination of the wheel lifting. . ^ ^ • * r^\\rs for th*> / 

[00911 The slip rate Is defined as the product of the comer velocity and the time denvative of the slip ratio for the / 
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th wheel, i.e., 



SrO) = vJO^. (21) 



[0092] Thus calculated slip rate is related to wheel acceleration 

30 — w(0 = 4{^c(0b(0 + l]} 

dt dt"- (22) 

= 5,(/)+[5(/)-t-l]^^. 



[0093] Considering corner velocity vj(i) is usually smooth , (22) can be simplified to 

r00941 Hence slip rate Is a characterization of the wheel acceleration but with computation advantage i.e.. smooth- 
ness Notice that during transient wheel speed changes, (23) is very accurate due to the fact that the wheel acceleration 

magnitude is much larger than the magnitude of the time derivative of the comer velocity. 



for (1=0; i<4; 
{ 

(0 = saliv^ (/) * ds{i), -p _ MAX _ SLIP _RATE,p_ MAX _ SLIP _ RA TE); 

50 } 

Where p MAX SL/P_«/4rE (for example, 300) is the upper bound for limiting slip rate. Thus, as can be seen from the 
above fo'rmula. slip rate can be determined within bounds of the p_MAX_SLIP_RATE using equation (21 ). The slip rate 
55 is compared to a threshold. If the slip rate Increases above a slip rate threshold, then the wheel may be possibly lifted. 
[0095] As will be further described below, the calculated wheel slip rate may also be used to compute the actual 
torques applied to each wheel. 
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WHEEL LIFT USING NORMAL LOADING 

[0096] The roll condition of the vehicle can also be characterized by the nomial loading sustained at each wheel. 
Theoretically, the nomnal loading of a wheel decreases to or near zero indicates that the wheel is no longer contacting 
5 the road surface, in this case a potential rollover is under the way. Large magnitude of this loading indicates that the 
wheel is grounded. 

[0097] Normal loading is also used in a torque based wheel lift detemnination as described below. The nomial loading 
as used herein is the dynamic nomnal loading which is experienced by any of the four wheels during vehicle dynamic 
maneuvers. Those nomnal loadings are measured along the normal directions of the contact patches, which are the 

10 areas where the wheels and the road surface meets. If the vehicle is driven on a level ground, then the normal loadings 
are located at the contact patches between the road and the wheels, and are perpendicular to the road surface. 
[0098] The defined dynamic nomial loading of each wheel consists of two portions: the portion due to the heave 
motion of the vehicle (denoted as N^y^ and the portion due to the other motions of the vehicle (denoted as 
N non-heavo )- Th^^ IS, the total normal loading at each wheel (denoted as Nf^j) is the sum of ^heave and Nfjf^.f^^^. 

15 [0099] The heave motion generated normal loading can be calculated as the following 
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' (24) 
^*««(2) = N,„„{?) = Ma, cos(6>„)cos(6'^) ^ 



where is a vertical acceleration signal from the vertical acceleration sensor 33 that may be mounted on the vehicle 
body but at the center of gravity of the vehicle; M is the total mass of the vehicle; 8^^ Is the relative roll angle between 
the vehicle body and the axle of the wheels that Is derived from the roll rate sensor; 6^^ is the relative pitch angle 
30 between the vehicle body and the road surface that is derived from the pitch rate sensor; if is the distance of the vehicle 
center of gravity from the front axle, and is the distance of the vehicle center of gravity from the rear axle. 
[01 00] The non-heave motion portion of the normal loadings are due to the other motion of the vehicle, including the 
roll and pitch angular motion of the vehicle body with respect to the road surface, the load transfers due to the longi- 
tudinal and lateral accelerations, which can be calculated as in the following 



where Kf is the spring rate of the front suspensions and X^is the spring rate of the rear suspensions. 
[0101] Consequently, the total nomnal loadings at the wheels can be expressed as the following 

f^total (0) = ^^z COS(G„,) COS(Gy,) 2(7;^+ i'^xr^f + ^yr^f) OOS(e,,) COS(G^,) 

Ntaiat ) = 'Wa^ cos(exr) cos(G^,) ^^Jl^+K, (Q^t, + By^,) cos(e J cos(e^,) 

Ntotal (2) = Ma^ COS(e^,)COS(ey,) ^(l^)'' ^^i-^xr^r'^yr^r) COS(e JCOS(G^) 



13 



BNSOOCID: <EP 1386605A2J_> 



EP1 386 805 A2 



N«ota( (3) = Ma^os(e„) oos(ey,)2p-^ e«^,-e,^,)cos(e^,)cos(e^) 



(26) 



5 [0102] If in case the heave motion of the vehicie is negligible, i.e.. the heave acceleration of the vehicle Is small. 
Then the vertical acceleration sensor output should be close to the gravity, i.e. 



(27) 



10 



IS 



so 



25 



[01 03] In this case an approximation of the nomnal loadings can be written as the following 



(28) 



[01 04] The calculated normal loadings provide an indication of wheel lift above. When the nom^al load .s near zero, 
this provides an indication of wheel lift. The nomial loads are thus compared to a normal load threshold, When the 
norrnal loads are lower (below the threshold) or near zero, the wheel has lifted. The nonmal loadings may also be used 
30 to compute the road torques described below. 

WHEEL LIFT USING ROAD TORQUE 

r01 051 The roll condition or wheel lift can also be identified by checking the actual road torques applied to the wheels 
35 and the road torques which are needed to sustain the wheels when the wheels are grounded. The actual road torques 
can be obtained through torque balancing for each wheel using wheel acceleration, driving torque a"d t.rakmg torque^ 
If the wheel is contacting the road surface, the calculated actual road torques must match or be larger than the torques 
detemiined from the nonlinear torques calculated from the nomnal loading and the longitudinal slip at each wheel. 
[01 06] The actual road torques t„,<, applied to the wheel together with the driving torque v braking torque and 
40 the wheel rotation inertia l„ obey the following Newton's law 



50 



55 



dt 



I ± 
dt 



WhlSpdjO) 
WhlSpd jvP 
WhlSpdjl) 
WhlSpdiZ) 



= r,(0)-r,(0)-r,^(0) 

= r,(l)-r,(l)-r^(l) 
= r,(2)-T,(2)-r^,(2) 
= r,(3)-r,(3)-r,^(3). 



(29) 
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[0107] Using equations (23), (29) the road torques may be calculated in 
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^w(0)«r,(0)-r,(0)-/,^ 

'■«./2)«r,(2)-r,(2)-/, 
^■™,rf(3)«r^(3)-r,(3)-/^ 



(30) 
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ROAD TORQUE WHEN THE WHEEL IS GROUNDED 

[0108] If the wheel is grounded, i.e., contacting the road surface, then the grounded road torque iroad-grdO) 's related 
to the wheel slip ratio s(i) , the wheel side slip angle a(i) and the wheel dynannic nonmal loading N^oi^f (i) through a 
nonlinear functional relationship as in the foiiowing 



[01 09] A linearization for the nonlinear function <t)(9,9) could be obtained as the following 

^(s(iha(i))=K(a(i))s(lh 

[0110] if the wheel side slip angle is small, equation (30) could be approximated as the following 

0) ^y^m^tatOMi) 



(31) 



(32) 



(33) 



Where K(i) is the initial slope of the function K(aO))' The approximation (33) can be implemented as in the following 



for (i = 0; 1 < 4; / + +) 

^ if ( s(i) < 0 &&s(i) > p BRAKING _LIN ^SLIP 
II s{i) > 0 < p_ DRIVING _ LIN _SLIP ) 



else if ( sii) <p_ BRAKING _ LIN _ SLIP ) 



*■ mad-grd 



(0 = A'w (0 * P « SLIP _TO_RT^ GAIN * sO) * R^ ; 



else 



*• road-grd 



(0 = (0 * P_ SLIP _TO_RT_ GAIN *p_ BRAKING _ LIN _ SLIP * R^ ; 



(/) = N,^^, (/) * /> _ SLIP _TO_RT_ GAIN * p ^ DRIVING _ LIN _ SLIP * R^ ; 



(34) 
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where p BRAKING UN SL/P(for example, -1 0%) is a braking slip threshold and p_Dfl/WWG_/./N_SL/P (for example. 
S%7is; driving slip thr^hold The thresholds are the maximum slip when the linear relationship between road torque 
and the slip are valid during braking and driving cases. 

[01111 AS can be seen by the above logic, if during braking the slip ratio is ess than or " ° ^"^.^'^^'^ 

ratio is greater than or equal to a braking slip threshold, or during driving the slip rate is greater than or equal to zero 
and l^e sfi^^te is less ?han or equal to the driving slip threshold, the road torque can be determmed by one of the 



10 



0 12] The following is a list of the output variables of the passive wheel 1^ detector 58. As can be seen^^^^^ ou^ut 
has a plurality of \eJs. Each one of the wheel lift deternninations may generate an outpu variable or ^tate as w.h 
dScribedbeLlnsomelnstancesthestatesarecharacteriz being 
the highest value and "no indication" as the lowest value. 



OUTPUT VARIABLES 

15 [0113] Passive wheel lift status: PWLD(i). 

If the ith wheel is absolutely grounded, then PWLD(i) = ABSOLUTELY^ GROUNDED 

If the ith wheel is in the edge of grounding. PWLD(i) = POSSIBLY GROUNDED 

If the ith wheel is absolutely lifted, then PWLD(i) = ABSOLUTELY_LIFTED 

If the ith wheel is in the beginning of lifting PWLD(i) - POSSIBLY _ LIFTED 
20 If the ith wheel's status cannot be firmly identified. PWLD(i) = NOJNDICATION 

[0114] [00113] The following parameters are used in the determination of wheel lifting status. 

PARAMETERS 

25 [01 1 5] p,MAX_DRR: the upper bound for dynamic rolling radius (1 000 m). 

pMAX_WDA the upper bound for the rolling radius based wheel departure angle (13 deg). 

p _ROLLJTH^05 = 0.05* ROLL _GRADIENT 

p_ROLL , TH _ 25 = 0.25 * ROLL ^GRADIENT 

p __ROLL _T"H _ 40 - 0.40* ROLL ^GRADIENT 
30 p _ROLL _TH_ 55 =0.55 * ROLL _GRADIENT 

p_ROLLjrH_75 - 0.75 * ROLL _GRADIENT 

p _STAT ^NLOAD the static normal loading of the front wheels (per wheel). 

p _STAT_NLOAD,R the static normal loading of the rear wheels ( per wheel). 

p_ SLIP_RT_GAIN : the gain used to convert slip ratio to normalized road torque (6). 
35 p NLOAD_LOSS : the allowed percentage ofnonnal loading loss (0.3). , . x 

p'' GRD__DW_DWA_TH : the allowed wheel departure angle for grounded driven wheel (0.41 deg). 

p'gRD NDW_DWA_TH : the allowed wheel departure angle for grounded non - driven wheel (1 .25 deg). 

pLFT DW_DWA^TH : the min wheel departure angle for grounded driven wheel to lift (4 deg ree). 

p_LFf_NDW_D\A/A „ TH : the min wheel departure angle for grounded non- driven wheel to lift^O deg). 
40 p GRD_PR_TH : the braking pressure for grounded wheel torque condition (6 bar). 

p_LFT_PR_TH : the braking pressure for lifted wheel select - low torque condition (20 bar). 

p_LFT_SP^(^lNjrH : the min slip power for possibly grounded condition (0.4) 

COMPARISON LOGIC 

[0116] various comparisons are used by the present invention to detemnine the qualitative level '^^k thereof 
wheel lifting The passive wheel lift detector 58 sets PWLD(i) for ^ 0,1 ,2,3. where 0 represents the FL wheel 1 rep- 
TesentS^ and 3 represents the RR wheel. If PWLD(i) = ABSOLUTELY.GROUNDED. then the ith whee 

s deti^^^^^ road surface; if PWLD(i) = POSSIBLY _ GROUNDED, then the ith wheel about to con^^^^ 

50 he roaStuLe; PWLD(i)= ABSOLUTELY. LIFTED then the ith wheel is def in.ely iitjed or up ,n the a^^^^^^^ 
=POSSIBLY^ LIFTED, then the ith wheel is about leaving contacting the road surface; if PWLD(i)=NO_INDICATION, 
then there is no finn indication for both lifting and grounding for the ith wheel. ^ . . u 

0??r roll i^^ is first used to screen the grounding and lifting trends of the wheels. The following rough 

Slenlng^LTre relative roll angle e,.and the roll rate based wheel departure angle e.,, If both the magnitudes of 

55 G;,, and 9^^^/ are small, the vehicle wheels are probably grounded: 
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'/ > 0) 

{ if{e„< p_ROLL_TH_S5 && 9^ < p_ROLL_TH _05 ) 
{ PWLD(fi) = POSSIBLY ^GROUNDED 
PWLD{2) = POSSIBLY _ GROUNDED; } 

else 

{ PWLDiO) =:NO_ INDICA TION; 
PfVLD(2) NO ^INDICATION; }) 

else 

{ if(0„> ^ p_ROLL_TH _SS SlSlS^^ > • p _ROLL _TH _0S ) 
{ PWLD(\) = POSSIBLY __GROUNDED; 

PIVLD(2) = POSSIBLY _^GROUNDED; } 
else 

{ PfVLD0) = NO_INDICAT7ON; 
PWLD0) = NO_INDlCAT\Ol^; } 

} 

(35) 

where p_ROLL_TH_05 is the static relative roll angle con^esponding to 5% of the roll gradient, p_ROLL_TH_55 is the 
static relative roll angle corresponding to 55% of the roil gradient. If both the magnitudes of 6^^ and B^^/ are large, the 
vehicle wheels are probably lifted. After the above first cut, a refinement for detennlning absolutely grounded and 
absolutely lifted conditions is conducted. 

[0118] The first concern Is the detection of the absolutely grounded condition for the wheels. Several variables, 
including N^otafi),x^^ (O.-^road^n^^) ^"cl the rolling radii based wheel departure angle e^.^y;,X0),G^.^^/1), are used to 
checking whether the ith wheel is absolutely grounded. Assume that the roll angle screening through logic (35) indicates 
that the wheels of interest are possibly lifted. In order to confirm the possibly grounded wheels are actually absolutely 
grounded, the following conditions are then checked. If any of those conditions is met, an absolutely grounded flag is 
set for the wheel of interest. 

[01 1 9] Normal loading condition: if PWLD(i)=POSSlBLY_GROUNDED and at the same time the normal loading sat- 
isfies 

then PWLD(i)=ABSOLUTELY_GROUNDED. Here 4 variables Ntf,(i) for i=0, 1,2,3 are used as the minimum normal 
loadings for the wheels when they are grounded: 



A^,/,(0)= p_STAT_NLOAD_F*(l-p_NLOAD_LOSS); 
N,,(\)^ p^STAT _NLOAD__F*il-p_NLOAD_LOSS); 

(2)^ p _STAT _NLOAD _R^{\^ p _ NLOAD _ LOSS); 
N^f,0) = p _^STAT _NLOAD _R*i\- p __NLOAD _LOSS)\ 



(36) 



[0120] [00118] Slip power condition: If PWLD(i)=POSSIBLf_GROUNDED and at the same time the slip power is 
negative (Sp(i) <0), i.e., the magnitude of the slip ratio is decreasing (convergent slip ratio), then set the wheel lift flag 
as PWLD(i) ABSOLUTELY _ GROUNDED, 

[0121] Road torque condition; if PWLD(l)=POSSlBLY_GROUNDEDan6 at the same time the magnitude of the actual 
road torque "^roadO) from (30) is greater than the grounded wheel road torque t road-grd (') ^^^^ (?^) ^^^^ 
same sign, or 

'^rvad(0'^road~grd(0>=0 

and 
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then PWLD(i) = ABSOLUTELY _GROUNDED . 

[0122] [00120] Active torque condition: if PWLD(i):= POSSiBLY^GROUNDED, and at the same time the active torque 
(either braking torque or driving torque) applied to the ith wheel is larger enough while the wheel departure angle 
generated from rolling radii for y=0,1 is small enough, then the ith wheel Is deemed to be absolutely grounded. 

5 Notice that the thresholds for driven wheels and non-driven wheels are different. 

[0123] [00121] The following logic is a summary of the above discussion for the case where the vehicle is tumed 
right and the left side of the vehicle has the potential trend to lift up. 



10 jf^,r>^ 

{ if { PLWD(0)-^ POSSIBLY _GROUNOED 

II ^„(0)<0 

(0)^0 && |r,^(0)Hr^^(O)) 
II (I ff^.^i(0)\< p _ CRD _DW _DWA_TII &.&. P,(0)^2 

& & I r„„„ (0) |> _ GRD_ FR_TH* BRKTQ _ GAIN _ F) 
II (0) \^p_ CRD _ NDW _ DWA _TH &.& P, (0)! = 2 
20 &.& r^^(QI)^p_CRD_PR_TH* BRKTQ _GAIN _F)) ) 

{ PWLDiO) = ABSOLUTELY _CROUNDED; } 
if { PLWD(2) = POSSIBLY _GROUNDFn 
&&( A^„„,(2)SA/«(2) 
II i,(2)<0 

11(^^.(2)* (2)>0 && \T^i2m nad-gni 

(2)) 

II (I ^rr..HiO) 1^ P ORD „ DW _ DWA _ r// & & (2) = 2 

&& \T^,n^(2)\> p _GRD _ PR _TH* BRKTQ _GA1N_R) 
U0^,^,{\)\< p _GRD _NDW _DWA _TII ScSc /^,(0)!=2 ^3^^ 
30 && r^.,(2)!>/? GRD ^PR_TH* BRKTQ ^ GAIN ^R)) ) 

{ P^LD{2) = ABSOLUTEL Y _ GROUNDED; } 

} 

35 [0124] If the vehicle is turned on the right side of the vehicle, then the following logic is used for detecting absolutely 
grounded condition 
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{ if iPLWDO)^ POSSIBLY ^GROUNDED 
&&( A^wO)^A^.*0) 
II s^{\)<0 

ll(^„«-(l)» W^(1)^0 && W^O)) 
ll(I^..H*i(0)|iSp./>H'^/>H'.4_7Y/&& /I(l)=-2 

& & I r^^^ (1) 1^ p _ GRD _FR_TM* BRKTQ _ Ci4/iV _ F) 
IK^,, ^{\)\^ P _NDW _L>WA _TH SlSl /;(1)! = 2 

r^^^(\)\> p _GRD _FR _rH * BRKTQ _GA/N ) ) 
{ PIVLD{1) = ABSOLUTELY _ GROUNDED; } 
1/ ( ^^0(3) = POSSIBL Y _ GROUNDED 

II ^,(3)<0 

ll(r_,(3)* r^.^(3)^0 && |r.^(3)|yw^(3)) 
U\e„.^,,{\))< p _DW _DWA _TH && P,(3)=-2 
^ \t^,^0)\>p_^GRD_FR_TH^ BRKTQ _GAIN _R) 

II (^n--^/ (1) 1^ P _ A^/^ ^. D ff'-^ _ r// & & f; (3) ! = 2 

^ocrt«(3)|> p _GRD_ PR _TH* BRKTQ _GAJN ^_R) ) ) 
{ PWLDO) = ABSOLUTEL Y GROUNDED; ) 

25 } 
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(38) 



where the torque BRKTQ_GAIN_F an6 BRKTQ_GAIN_R are two parameters used to convert the braking pressure at 
the front and rear wheels to the braking torque applied to the front and rear wheels; p_PRESS_TH denotes the pressure 

30 used to set threshold for active torques. 

[0125] Notice that the four variables P^(i) for ^=0, 1,2,3 are used in the logic (38) and (39), which are called the torque 
pattern variables. P^(i)s are used to identify the torque patterns where the meaningful wheel lifting infonnation can be 
identified. This torque patterning includes positive torques for both left and right side in the front or the rear axle; 
negative torques for both left and right side in the front or the rear axle. In order to eliminate the wheel slip difference 

35 due to significant torque difference between the left and right wheels, a select-low between the torque applied to the 
current wheel of interest and the torque which is the addition of the active torque applied to the wheel at the other side 
of wheel for the same axle and a constant torque offset corresponding to the one generated from 20 bar braking pressure 



P.(0) = (0) l<l 

active 

(1)1 

+ p _LFT ^ PR _TH* BRKTQ.GAIN _ F 
+ (-^active (0) > 0 & & x^^^^ (1 ) > 0 & & 1 T^^^^ (0) l<l x^^^^ (1 )l 
+ p_ LFT_ PR_ TH ^ BRKTQ _ GAIN _ F)*2 ; 

(2) = ^active (2) < 0 & & x^^^^ (3) < 0 & & I x^^,ve (2) '^l We (3) ' 

+ p_ LFT_ PR_ TH * BRKTQ _ GAIN_^ R 
+ {^acUve (2) > 0 & & X3^e (3) > 0 & & I X,^^ (2) l<l (3) I 

+ p_ LFT_ PR_ TH *BRKTQ_ GAIN_ R) *2 ; 
Px(1) = We(1)^0&&x^^^(0)<0&&Ix^^^(1)l<l x«^ (0)1 
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+ p_ ZFT_ PR_ TH*BRKTQ_ GAIN ^ F 
+ (1) > 0 & & X^i^e (0) > 0 & & I T^cftVe (^) -"active W ' 

+ p_ LFT_ PRJTH *BRKTQ_GAIN^Fr2; 

Px (3) = ^active (3) < 0 & & (2) ^ 0 & & I (3) I<1 X^^^^ (2)1 

+ p_LFT_PRJTH *BRKTQ_GAIN_R 
+ (Xactfue (3) > 0 & & T^ctf^^, (2) > 0 & & iTa^e (3) '^1 ^'active 

(2)1 

+ p_LFT_PR_TH'BRKrQ_GAIN_R)'Z; (39) 

[0126] Now the lifted wheels are checked. Assume the initial roll information screening as through logic (35) indicates 
a wheel of interest as no indication, then the wheel is probably In the lifting trend. In this case further roll condition 
screening for potential lifting is conducted 

{ ^co^ - {e„>p_ROLL_TH_15 

II (e„ > p_ROLL_TH _50 && 0^,, > P _ ROLL _TH _25) 

II (.0.r ^ p_jROLL_TH_40 && 0^, > p_ROLL_TH_15 )); ) 

else 

{ = {0^,<-p_ROLL_TH__15 

II {0^<-p_ROLL_TH ^50 &&e^,,<-p^ROLL__TH_25) 
II (e^<-p_ROLL_TH _A0 & & 0^,, <- p ^ROLL_TH _75)); 



} 



(40) 



where p_ROLL^TH_75, p_ROLLJTH^50, p_ROLL_TH_40 and p_ROLLjrH^25 are the static relative roll angle roll 
angle corresponding to 75%. 50%, 40% and 25% of the roll gradient. If the above roll screening condition e^o„^==1 , 
then the first cut for lifting detection is obtained. Notice that the actual wheel departure angle 6^^, (calculated from the 
roll rate sensor) is different from the rolling radius based wheel departure angle Qrr-whfW (for front wheels) and e,,.^, 
(1) (for rear wheels). As in the grounding wheel detection, further conflmnation is needed to obtain absolutely lifted 
45 condition. Let PLcondO) be the possibly lifted flags for the ith wheel, it can be calculated as in the following based on 
the following two conditions which reflect possibly lifted conditions: 

[0127] Slip power condition: if the slip power of the ith wheel Sp(i)>0 indicates that this wheel has a divergent slip 
ratio, i.e., the magnitude of the slip ratio is increasing. (Considering potential non-braking drag on the wheels, a small 
negative number is used instead of 0 is used, i.e., we use Sp(i)>-0.0^ to replace Sp(i)^) . 
50 [0128] Normal loading condition: if the ith nornial load A/,^^,^/) is smaller than a constant threshold, then the ith wheel 

is possibly lifted; 

[01 29] For positive relative roll angle. PL«,„^ (0) and PL„^ (2) are calculated as in the following 
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if9„>0 
{ 

PL^„AQ)=s,iQ)^-Q.O\&&{ e„^ ==1||A^«„,(0) <p_LOAD_F* p_LOSSy, 
^^„,-(2) = .fp(2)>.-0.01&&( 6'„^==1 11/V„„,(2) <p_LOAD_R*p_LOSS): 

) 

(41) 

[01 30] [001 28] If the relative roll angle 6^^ Is negative, PLconJ.'^ ) and PLgg^ (3) can be calculated as in the following 



{ 

^^w(0 = 5^0)^ -0.01 &&( e„,, ==l||A^„„,(l) <p_LOAD_F*p_LOSS), 
^ J'L^n, (3) = (3) > -0.01 & &( (9^ == 1 II Ar„„, (3) S p _ LOAD _R* p _ LOSS), 

} 

(42) 

[0131] Using the calculated condition flags, /'/■eont/ (0 will be used to set possibly lifted status of wheels 



for (t = 0; i < 4; i + +) 
30 ^ 

PWLD{i) = POSSIBLY _ LIFTED; 

) 

[0132] Now the absolutely lifted conditions are determined. In the following we assunne the wheels are already In 
possibly lifted status through (42). 

40 TORQUE SELECT-LOW CONDITION FOR NON-DRIVEN WHEEL 

[0133] In this case, if the applied braking torque satisfied the torque pattern condition, i.e., for the right loaded wheel 
case 

x^^^Jleft) ^ x^^^Jright) - p_PRES^ SL^ TH * BRKTQ _GAIN (44) 
and for left loaded wheel case 

so 

-^acHvei^'^Qht) S x^ctiveOeft) - p _ PRES. SL_TH* BRKTQ_ GAIN (45) 
then the wheel lifting will be checked with the rolling radius based wheel departure angle condition for front wheels 

55 

^^rr-whi p,NDW^WDA_TH (46) 
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and for rear wheels 

\e^,^f{^ )\> p^NDW_WDA_TH (47) 

where the threshold p_NWD_WDAJTH is the threshold for non-driven wheel's rolling radius based wheel departure 
angle. 

TORQUE SELECT-LOW CONDITION FOR DRIVEN WHEEL DURING ENGINE BRAKING. 

[01 34] in this case torque select-low condition is the same as (29) and (30). but the wheel departure angle conditions 
needs to use different threshold. For right-loaded wheel case 

le^^ft, (O)l^ p^DW_WDA TH (48) 

and for rear wheels 

^^rr-i^hi (^)>^ p_DW^WDA_TH (49) 

TORQUE SELECT-LOW CONDITION FOR DRIVEN WHEEL DURING ENGINE DRIVING 

[0135] In this case, the torque select-low condition is the sanne as the following for the right loaded wheel 

-^actiyeO^f^) ^ activei^Qht) + p_ PRES_SL_TH * BRKTQ _GAIN (50) 
and for left loaded wheel case 

^active("9ht) < T^atveOeft) + p_PRES^SL _TH * BRKTQ _GAIN (51) 
[0136] A detailed logic can be summarized as the following for the righted loaded wheel case: 
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ife„>o 
{ 

if (PWLDiO) = NO^INDICA TION & &PIVLD(Q) = POSSIBLY _ LIFTED) 
' { 

if ( PA^) = \&'&^0„_^f{fi)^ p_LtT_NDW _WDA_TH 
||P^(0) = 2 && ^^.^,(0)> p _LFT _DW _WDA _TH 
1|P^(0)==1 && err^^,{0)> p _^LFT _DW ^WDA^TH 
10 & & {DRIVE _ h40DE = FRONT \\ DRIVE _ MODE = FOUR \\ DRIVE _ MODE = 70i)) ) 

) 

{ Pm.D\0]^ ABSOLUTELY _ LIFTED; ] 
'f (^p(O) <- p _LFT _SP _MIN _TH ) 
r5 { PIVLDIO]^ POSSIBLY _GROUNDED; ] 

i 

if {PWLD)2) ==NO_ INDICA TION & &PWLD{2) = POSSIBLY _ LIFTED) 
{ 

20 if {P,{2)==^\ SLS^e„_^^,{\)> p^Lin^ _NDW _WDA_TH 

||P,(2) = 2&& e^,^,t{\)>p_^LFT_^DW_WDA_TH 
||/',(2) = 1&& e„ ^,(\)> p _LFT _DW _WDA _TH 

& & {DRIVE _ MODE == FRONT \\ DRTVE _ MODE ^ FOUR \\ DRIVE _ MODE = TOD) 

25 ) 

{ PWLD{2) = ABSOLUTELY _ LIFT\ } 
// 0?^(2) < - p_LFT_SF_MIN_TH) 
{ PPfa.Di2) = POSSIBLY _ GROUNDED; ) 

30 } 

) 

(52) 



35 [0137] Notice that the drive mode Is checked in order to distinguish between driven wheel engine braking and non- 
driven wheel braking. If the slip power is negative enough, i.e., the slip ratio has rapid convergent rate, then possibly 
grounded wheel condition is identified. 

[0138] A detailed logic can be summarized as the following for the left loaded wheel case: 
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{ 

if {PWLDO) = NO^JNDICA TION & &PfVLD(\) = POSSIBLY _ LIFTED) 
{ 

1/ ( /^(1) = 1 &&, B^^^,i^)<-p __LFT ^NDW _WDA_TH 
|I/>^(1) = 2 && e„_^,{0)<-p_LFT ^DW _WDA_TH 

'0 & & {DRIVE _ MODE = FAOA^r || DRIVE _ MODE = FOUR \\ DRIVE _ MODE = TOD) ) 

) 

{ FWLDi}) = ABSOLUTELY _ LIFTED; } 
if (5^(1) < -p_LFT _SP_MIN _TH ) 
*5 { PWLD{\) = POSSIBLY _GROUNDED\ } 

} 

if {PWLDO) =NO_ INDICA TION & &PWLD{y) = POSSIBL Y _ LIFTED) 

{ 

20 if (P^O)==l &&e,,_^,,(l)<p_LFT_NDJV_WDA_^TH 
\\P^(3) = 2&SlO ,,i\)<p_LFT DW WDA^TII 

11 P^{?>)^\&8l <P_. LFT _DW _ WDA ^ TH 

& & (DRIVE _ MODE == FRONT || D/?/f^£: _ MODE = FOfy/? || DRIVE _ A/OD^ — TOD) 
25 ) 

{ PWLDO) ^ ABSOLUTELY _ LIFT: ) 
// (5^(3) < - p_LFT__SP_MfN_TH ) 
{ PPVLD(3) = POSSIBL Y _ GROUNDED; } 

30 } 
} 



[0139] Referring now to Figure 6, a nnethod for controlling an automotive vehicle as described above is now sum- 
35 marized. In step 70, the vehicle constants are detennined. As described above, various vehicle constants are used in 
the present invention. The vehicle constants are determined during vehicle testing and vary with different suspensions 
and vehicle configurations. Such vehicle constants include suspension resultant roll stiffness K^qh, roll damping rates 
□roll, the height of the center of gravity of the vehicle, the masses of the vehicle including the inertial masses which 
include the roll moments of inertia of the front and rear wheel tire assemblies around the contact patches of the outer 
40 tires, and the total masses of the front and rear wheels/tlres/suspension assemblies. In step 72 the various sensors 
are read. The various sensors may Include sensors in Figure 2. In steps 74-82 a first through fifth roll conditions are 
determined. The conditions may include a relative roll angle and a wheel departure angle calculated from a roll rate 
sensor and a lateral acceleration sensor, a rolling radius-based wheel departure angle, normal loading at each wheel, 
an actual road torque and a wheel longitudinal slip. At least three determinations are desirable. However, for a more 
45 robust system all five roll conditions may be determined. 

[0140] In step 84 wheel lift in response to the roll conditions are determined. In step 86 the rollover control system 

may be activated to counter vehicular rolling motion in response to the wheel lift signal. 

[0141] What has been described above are several different ways in which to determine wheel lift passively 

50 ACTIVE WHEEL LIFT USING CHANGE OF TORQUE 

[0142] Both passive and active wheel lift detection may be used in a rollover control system or other safety system. 
[0143] From Figure 2A above, the command controller 56 may include a torque controller 57 that is used to control 
the torque of the wheels 12A, 12B, 13A, 138. Torque controller 57 may act In conjunction with the electronic engine 
55 controller, a driveline engagement mechanism or braking system, or a combination of these to control the torque at 
one or all of the wheels 12A, 128, ISA, 138. Torque controller 57 and roll controller 18 may be coupled to wheel speed 
sensors 20 located at each of the wheels. Wheel speed sensors 26 provide roll control system 26 with a signal indicative 
of the speed of the individual wheel to which it is attached. Various types of wheel speed sensors including toothed- 
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wheel type systems would be evident to those skilled in the art. 

[0144] In the following active wheel lift example, the application of brake pressure is used to provide the change in 
torque. However, other methods such as applying engine torque may also be used to change the amount of torque at 
a wheel. Further references to the application of torque to a wheel may Include hydraulic or electric brake torque, 

5 changes in engine torque or engagement of driveline torque through the use of an electronically controlled transfer 
case, differential, transmission or clutch. The present invention may also be used to detemiine if a sensor has failed 
in the sensor system 16. That is, If roll is suspected by a particular sensor but all other conditions or sensors indicate 
otherwise, the sensor may be operating improperly. Also, although speed is used, wheel acceleration may also be 
used in place of speed as would be evident to those skilled in the art. 

10 [01 45] Referring now to Figure 7. the active wheel lift detector 60 Is used to perform the following method and generate 
an active wheel lift signal. In step 130, if a roll sensor failure is suspected or In step 132 if wheel lift is suspected by 
the roll control system, block 134 initiates the wheel lift detemriination process. In step 136, torque is applied to the 
wheel suspected of lifting and the wheel speed at the suspected wheel is stored. In step 138, the torque is increased 
by applying a test pulse of torque to the suspected wheel. Torque is applied until a torque threshold (Torque.Max) is 

IS achieved. In step 140, if the torque is greater than the Torque.Max, the torque is held constant in step 142. In step 
144, if the time as counted by the Build_Counter is greater than a predetermined time, step 146 is executed in which 
the torque Is released and the wheel speed at the initiation of the release of torque is stored. In step 1 44, if the counter 
is not greater than the predetermined hold time, the counter Is incremented in step 1 48. After step 1 48 the change In 
wheel speed is compared to a predetermined change in wheel speed. If the wheel speed change is not greater than 

20 a predetemriined speed in step 150. steps 138-144 are again executed. If the wheel speed change is greater than a 
predetemnined speed, this indicates a lifted wheel. In this case, step 152 is executed in which a wheel lift status flag 
is set. After step 152, step 154 is executed in which the build counter is reset. 

[0146] Referring back to step 140, if the torque is not greater than the torque threshold then step 150 is executed. 
[01 47] Referring back to step 1 46. after the wheel speed Is recorded after the torque release, step 1 56 is executed. 

25 In step 156 torque is released. After step 156, step 158 Is implemented in which the wheel speed change is compared 
to a reacceleration threshold. The reaccele ration threshold is a predetermined value that corresponds to a wheel speed 
change that should be achieved should wheel contact be reestablished. The wheel speed change is determined from 
the time that the torque was released. If the wheel speed change is greater than a reacceleration threshold or if the 
wheel lift status from step 152 is zero, wheel contact is assumed. In such a case the traction level may be calculated 

30 in step 1 60. If the wheel speed does not Increase over the reacceleration threshold, then the wheel lift status Is confirmed 
beginning with step 170, 

[0148] Referring back to step 1 58, if the wheel speed is less than the reacceleration threshold, step 1 62 compares 
the Dump_Counter to a predetermined dump time. If the predetermined dump time is greater than the Dump_Counter, 
then the Dump.Counter is incremented in step 164 and steps 156 and 158 are again executed. If the Dump.Counter 
35 is greater than the predetemnined dump time, then the wheel lift status flag is set in step 166 and the Dump_Counter 
is reset in step 168. After step 168, the process is reinitiated and returns to step 136. 

[0149] Returning back to step 160, the traction level Is calculated in step 160. After step 160, the plausibility of a 
sensor failure is determined. If, for example, the process was initiated based on the suspicion of a sensor failure from 
block 130 above and no wheel lift was detected, a sensor failure is indicated in step 172. For either result, if a sensor 
40 failure is indicated by block 170 or not, the build counter and Dump_Counter are cleared In block 174 and the wheel 
lift status is cleared in block 1 76. The end of the routine occurs in block 178. 

[0150] Thus, as can be seen, the application of torque can be used to first determine whether a suspected wheel 
has lifted from the pavement. For confimiation, the removal of the torque and the resulting wheel speed change may 
be used to confirm the initial finding. Advantageously, the system may be implemented in a dynamic stability system 
45 of an automotive vehicle without adding further sensors. If rollover is detected, then the rollover can be corrected by 
applying the brakes or generating a steering correction. 

[0151] Referring now to Figure 8A, various tines 190, 192, 194 are illustrated during the build time to illustrate the 
variation in pressure of the braking system due to wear and other effects of the brakes. Lines 190, 1 92 1 94 have little 
effect on the overall operation of the system. Thus, the thresholds and parameters are selected so that the system is 
so robust to wear and system variation. The maximum pressure Pmax is reached and maintained for a hold time (such 
as set forth in step 42 above) until it is released. 

[01 52] Referring now to Figure 8B, a plot of wheel speed corresponding to the various times is Illustrated. As shown, 
the wheel speed of a loaded wheel is illustrated by line 196, which is higher than the wheel speed of a lifted wheel 
Illustrated by line 198. 

55 

PASSIVE WHEEL LIFT USING TORQUES 

[0153] [00151] Referring now to Figure 9, a passive method similar In theory to the active method is hereinafter 
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described. That is. rather than applying a changing torque to the wheel, an operating Input torque to the wheel may 
be used. Thus, the operating input torque to the wheel is an unmodified wheel torque from those of the nonnal operating 
conditions in contrast to that described In the parent application U.S. Patent 6,356,188, which is incorporated by ref- 
erence herein. Consequently, the passive system described below can accommodate the type of nomrial operating 

5 wheel torque, from low or near zero, to negative (braking) or positive (accelerating). 

[0154] In step 21 0, the various sensors In vehicle conditions are read. The following process is perfomned for each 
of the wheels. In step 220. the various inputs to the method are obtained and calculated. The Input torque may be 
measured by a separate sensor or is preferably detemnined using the engine torque. The operating input torque to the 
wheel is a function of the engine speed, and the distribution of the engine torque to the wheels through a torque 

10 transferring system such as a differential and drivellne. Thus, the operating input torque may be detemnined without 
being modified. In contrast to an active system, the active system must have and generate a change in torque. Also, 
the slip ratio of each wheel is also determined. The wheel slip ratio is detemnined by the difference of the wheel speed 
minus the velocity of the corner divided by the vehicle speed at the corner. Thus, the wheel slip ratio Is a unitless ratio. 
The velocity at each corner of the vehicle may be determined from the wheel speed sensors described above or may 

15 be a function of the yaw rate to account for the turning of the vehicle. Thus, the yawing of the vehicle and the speed 
at the vehicle may be used to detemnine the vehicle velocity at the corner of the vehicle. 

[0155] In step 220, the wheel acceleration and the slip rate of the vehicle may also be detennined. The vehicle slip 
rate is the change in the slip ratio described above. That is, the slip ratio derivative is used to detemnine the slip rate. 
However, the velocity at each corner of the vehicle multiplied by the derivative of the slip ratio may also be used as 
20 the slip rate. It has been found in practice that this method for detemnining the slip rate results in a cleaner signal, which 
is advantageous in signal processing. 

[0156] In step 222, the magnitude and sign (or direction) of the input torque is detennined. In step 224, if a large 
magnitude of input torque is provided (not near zero) step 224 is executed. Step 224 checks the wheel slip ratio. The 
sign or relative direction of wheel slip ratio and the magnitude of the wheel slip ratio is compared to thresholds. If the 
25 wheel slip ratio is greater than a predetermined magnitude and it has the same sign as the input torque, step 226 is 
executed. 

[0157] In step 226, the wheel response is detemnined. The wheel response may be detemnined using the wheel 
acceieration, the wheel slip rate, or both. The wheel response and the wheels' slip ratio are compared to a threshold. 
The threshold may be a function of the input torque. The tenns divergent and convergent are also used. Divergent 
30 means that the values are trending away from zero, while convergent means the values are trending toward zero. In 
step 226, if the wheel acceleration and slip rate are both divergent and above predetermined corresponding thresholds, 
step 228 is executed In which a possibly lifted counter is incremented. If this condition holds for a number of cycles, 
step 230 generates a lifted wheel signal indicative that the wheel has lifted. 

[0158] In step 230, other vehicle inertial information may be used to confirm the identity and possibility that the wheel 
35 is lifted. 

[0159] Referring back to step 226, if the wheel acceleration and/or the wheel slip rate is divergent but below a pre- 
determined threshold, step 232 provides no indication to the system. That is, not enough information has been provided. 
[0160] In step 226, if the wheel acceleration and the wheel slip rate is convergent, step 234 is executed. In step 234 
a possibly grounded signal is generated and a grounded counter Is incremented. In step 236, if the above condition 

40 persists for a predetermined number of cycles, a wheel lifted signal is generated for the wheel. 

[0161] Referring back to step 224, if the wheel slip is about zero, step 238 is executed. In step 238, if the wheel 
response is below the threshold, step 234 is executed as described above. The thresholds may be the same as those 
described above or may be changed due to the change of torque. The threshold may also be constant numerical 
values. If in step 238 the wheel responses are above the thresholds, no infomnation is provided. 

45 [0162] Referring back to step 224, if the wheel slip ratio has a large magnitude but has a sign opposite to the input 
torque, no information is generated in step 242. 

[0163] Referring back to step 222, if a small input torque near zero is generated (the absolute value of the input 
torque is less than a predetermined input torque) the wheel state is checked in step 244. In step 244 the magnitude 
of the wheel slip is determined. If the wheel slip is above a predetemnined threshold, the response of the wheel is 

50 checked in step 246. For small torque cases, the wheel response is not likely to be divergent. However, in this case, 
lack of convergence may be used to indicate that the wheel is not grounded. Note that if the wheel does not meet the 
divergence criteria, it also meets the non-convergent criteria. Thus, if the wheel state is convergent in step 246, step 
234 is executed. In step 246, if the wheel response Is non-convergent, that is that significant slip Is present and the 
wheel does not have significant acceleration of opposite sign compared to the slip ratio, step 228 is executed. If a 

55 smaller input torque and a small wheel slip is present from step 224. step 248 indicates no infi»jation. 

[0164] The no information blocks 232, 240, 242, and 248 are all used to provided no indication of wheel lift. This is 
because insufficient evidence or conflicting evidence is present. 

[0165] One advantage of this passive wheel lift detennination is that the computations may be run at all times and 
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is generally Independent of the Inertlal state Infomnatlon. 
ARBITRATION BETWEEN ACTIVE AND PASSIVE WHEEL LIFT 

5 [01 66] The passive wheel lift detection strategy (PWLD) checks all the available motion variables at each time instant 
to detemnine If a suspicious wheel is lifted. The advantage of PWLD over AWLD is that the former could send an 
indication at each time instant, and the latter needs to wait a certain period of time before sending out an indication. 
Another advantage is that during driver braking, PWLD can be used effectively to Identify wheel lifting. However PWLD, 
in some cases, suffers a lack of infomiation to determine the wheel lifting status If the wheel slip is not disturbed enough. 

10 [0167] Therefore, It is desirable to integrate AWLD and PWLD together so as to conduct a reliable wheel lift detection 
and then use such reliable infomnation in activating the roll stability control system. 

[0168] The passive wheel lift detection (PWLD) system generates the wheel lifting status Sj^^p^^^^^ (i) for the ith 
wheel, which could be any of the following five statuses. The following statuses are set forth in an order from high to 
low. The statuses may actually be Implemented as a number in the logic of the control scheme. For example "4" may 
IS represent absolutely grounded while "0" represents no indication. 
[0169] If the ith wheel is absolutely grounded, then 



20 



25 



Sv^-passiveO) =ABSOLUTELY_GROUNDED 
[0170] If the ith wheel is in the edge of grounding. 

^wid^assiveO) = POSSiBLY^GROUNDED 
[0171] If the ith wheel is absolutely lifted, then 



Sy^^^passi^^ 0) =ABSOLUTELY_UFTED 

30 

[0172] If the Ith wheel is in the edge of lifting 



S„UH>assive 0) = POSSIBLY. LIFTED 

35 

[0173] If the ith wheel's status cannot be confirmed, then 



S^td^ssive 0) = NOJNDICATION 

40 

[0174] As mentioned above there are numerous methods for determining passive wheel lift detection for setting 

^wld'passh/e 0) ' 

[0175] Active Wheel lift detection, as described above is intended to be an independent means of detennining wheth- 
er a wheel is lifted or not. By independent, it is meant that the detection method does not rely on the signals used to 

45 detect the roll state of the vehicle (i.e., roll rate and angle, lateral acceleration, steering wheel angle, vehicle speed, 
steering wheel angle). Basically, the operation of the algorithm is broken into a Build Cycle, in which brake pressure 
is applied to the wheel, and a Release Cycle, in which brake pressure is removed from the wheel. In the Build and 
Release Cycles, the slip ratio and rate of wheel speed change is compared to a physical model of a lifted and a grounded 
wheel, in order to determine the Lift State. 

50 [0176] The intent of the Build cycle is to apply brake pressure to the wheel in order to (i)generate negative slip on 
the wheel. Typically slip ratios less than (more negative than) -15 to -20% are required to assess if a wheel is lifted. 
Furthemnore, slip ratios of this magnitude are required to assess the Lift State of the wheel in the Release Cycle; (ii) 
Examine the rate of wheel speed change as a function of brake pressure and engine torque during the build cycle. 
[0177] The intent of the Release cycle is to remove brake pressure on the wheel (Upon Entering Release Initial, the 

55 requested pressure on the wheel is set to zero) and (i) examine the rate of wheel speed change as a function of residual 
brake pressure and engine torque; (ii) Examine the change in slip ratio as a function of the release counters (i.e., time 
in release). 

[0178] The active wheel lift detection system generated the wheel lifting status Sy^ia-ae^yeO) '^^ wheel. 
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[0179] A simple arbitration between Sy^^^gssive 0) and S^^i^^ctiyJ}) to provide a final wheel lifting status S^i) can 
be expressed as in the following 



for 0 = 0; i<3; z + +) 
{ 

'/(•^„/.-.c.,.{0 — ABSOLUTELY ^GROUNDED) 

(/) = ABSOLUTEL Y _ GROUNDED', 
else i/(5^,,_„^(0 ^ ABSOLUTELY ^LIFTED) 

S^^^ (J) ^ ABSOL UTEL Y _ LIFTED\ 
else (/■) = ABSOLUTELY _ GROUNDED) 

^\iAO - ABSOLUTELY _^ GROUNDED; 
else if{S^,,.,^,^A^) — ABSOLUTELY _ LIFTED) 

S^iAO = ABSOLUTELY _ LIFTED; 
else ifiS^u-acu.. (0 = POSSIBLY _ GROUNDED) 

^^AO = POSSIBLY _ GROUNDED; 
else ifiS^u-ac,.AO — POSSIBLY ^ LIFTED) 

(0 = POSSIBLY _ LIFTED; 
else if (0 == POSSIBLY _ GROUNDED) 

S^^^ (i) = POSSIBL Y GROUNDED; 
else (/) = POSSIBLY^ LIFTED) 

S^iO = POSSIBLY _ LIFTED; 

else 

S^{i)^ NO ^INDICATION; 

} 

[0180] Although the above simple integration scheme provides an envelope for both active and passive wheel lifting 
status, no conflict resolution is provided. In the logic above, i refers to the wheel number. The front left wheel is 0, the 
front right wheel is 1 , the rear left wheel is 2, and the rear right wheel is 3. Thus, wheels 0 and 2 are on the same side 
of the vehicle while wheels 1 and 3 are on the same side of the vehicle. In the above logic, if the active wheel lift signal 
is absolutely grounded, the final wheel lift status is set to be absolutely grounded. If the above Is not true and the active 
wheel lift status is absolutely lifted the final wheel lift status is set to absolutely lifted. If the above is not true and the 
passive wheel lift status is absolutely grounded, then the final wheel lift status is absolutely grounded. If the above is 
not true and the passive wheel lift status Is absolutely lifted then the final wheel lift status is set to be absolutely lifted. 
If the active wheel lift status is possibly grounded and the above is not true, then the final wheel lift status is set to be 
possibly grounded. If the above is not true and the active wheel lift status is possibly lifted then the final wheel lift status 
is set to possibly lifted. If the above is not true and the passive wheel lift status is possibly grounded, then the final 
wheel lift status is said to be possibly grounded. If the above is not true and the passive wheel lift status is possibly 
lifted, then the final wheel lift status is set to be possibly lifted. If any of the above are not true then the final wheel lift 
status is set to no indication. 

[01 81] For example, such an integration does not distinguish between a conflict between S^i^^^g^j^JI) and Sy^.Qctive 
(i). The following CONFLICT REMOVING LOGIC (CRL) which is part of the logic programmed into integrated wheel 
lift detector 62 sets the final wheel lifting status S^^^^/^ to NOJNDICATION instead of sending out a potentially wrong 
status 
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for (/ =0; 1^3; 1 + +) 
( 

»/( K,,.oc>.. (0 ^ POSSIBL Y _ GROUNDED 
•^.«-pax^(') S POSSIBLY _ LIFTED 
II •^K*/-^-^ (') ^ POSSIBLY _ LIFTED 
5^.^„.^(0 < POSSIBLY _GROUNDED 

) 

(0 = NO_INDICA TION; 



[0182] In the above logic, when the active wheel lift status Is less than or equal to possibly grounded and the passive 
wheel lift is greater than or equal to possibly lifted for the same wheel, or the active wheel lift is greater than or equal 
to possibly lifted and the passive wheel lift signal Is less than or equal to possibly grounded then no indication is 
provided. As can be seen, this logic provides a conflict check between the passive wheel lift signal and the active wheel 
lift signal for each of the wheels. 

[0183] Due to different suspension systems, some vehicle may have earlier front wheel lifting and a delayed rear 
wheel lifting; others may have rear wheel lifting first and then the front wheel lifting. In this case a consistence check 
for the final wheel lift status can be conducted as in the following CONSISTENCY CHECK LOGIC (CCL). If a vehicle 
has earlier front wheel lifting 



'/( (0) < FOSSIBL Y _ GROUNDED 
& &S^j (2) S POSSIBLY _ LIFTED 

) 

{ 

S«,u (0) = NO_ INDICATION; 
(2) = _ JNDJCA TION; 

} 

'/( (1) ^ POSSIBLY _ GROUNDED 
& &S^u (3) ^ POSSIBL Y _ LIFTED 

) 

(0 = NO_ INDICA TION; 
S„uO) = ^0 INDICATION; 

} 

[0184] In the above logic, the final wheel lift status for both sides of the vehicle are checked. On the left side of the 
vehicle if the wheel lift status of the front wheel is less than or equal to possibly grounded and the rear wheel is greater 
than or equal to possibly lifted, both of the final wheel lift statuses for both the front and the rear wheels of the left side 
of the vehicle are set to no indication. The same is true for the right side of the vehicle. 
[0185] If a vehicle has earlier rear wheel lifting 
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S„u (2) ^ POSSIBLY _ GROUNDED 
& (0) > POSSIBLY _ LIFTED 



S^ (0) = NO_ IN Die A TION; 
S^ (2) =:NO_ INDICATION; 

S^ (3) < POSSIBLY _ GROUNDED 
& &S^, (1) S POSSIBLY _ LIFTED 

S^ (1) = NO_ INDICATION; 
S^u (3) = NO_ INDICA TION; 



[0186] Both the right side of the vehicie and the left side of the vehicle are checked in the above logic. If the final 
wheel lift status for the rear wheel is less than or equal to possibly grounded and the front left wheel is greater than or 
equal to possibly lifted, then both of the front and rear wheel final wheel lift statuses are set to no indication. The same 
25 is true for the right side of the vehicle as well. 

[0187] If the vehicle relative roll angle is very small and the roll rate signal tries to decrease the relative roll angle, 
then another CONSISTENCY CHECK LOGIC (CCL) can be conducted. If the vehicle is turning left 

30 if{ 0^ >0&&<9„ <0&&£y, <0 ) 

{ 

ifiS^ (0) > POSSIBLY _ LIFTED) 
(0) = NO_ INDICA TION; 

) 

ifiS^u (2) ^ POSSIBLY _ LIFTED) 

40 { 

S„u (2) = NO_ INDICATION; 

) 

} 

45 

[0188] In the above logic, if the roll angle is greater than 0 and the roll angle is less than or equal to a threshold, 
indicative that the roll angle is small, and the roll rate is less than or equal to 0 and the final wheel lift status of the front 
left wheel is greater than or equal to possibly lifted, then no indication Is provided. Likewise, if the final wheel lift status 

50 of the left rear wheel is greater than or equal to possibly lifted then no indication is provided. As can be seen by the 
logic imnnediately below, the relative roll angle, the threshold and the roll rate may be used to detect a consistency in 
the right side of the vehicle. That Is, if the relative roll angle e^r is less than or equal to 0 and the relative roll angle is 
greater than or equal to the negative relative roll angle threshold and the roll rate is greater than or equal to 0, and if 
the final wheel lift status of the front right wheel greater than or equal to possibly lifted, no indication is provided. The 

55 same check is perfomried for the rear wheel. 
[0189] If the vehicle is turning right 



) 

{ 

} 

) 

} 
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TO 



IS 



{ 

ifiS^ (1) ^ POSSIBLY _ LIFTED) 
{ 

(1) ^NO_ INDICATION; 

) 

1/(5^ (3) > POSSIBL y _ LIFTED) 
{ 

S,M (3) = NO_ INDICATION; 

} 

) 



[0190] Considering the roll stability control system, applies braking pressure to the front wheels during the initial 
20 stage of pressure build-up, braking pressure for active wheel lift detection is terminated so as to guarantee all the brake 
fluid in the brake circuit will be used to build control pressure. Hence if the vehicle has a front-rear split braking system, 
the following PRESSURE INHIBIT LOGIC (PIL) will be used to turn off AWLD 



25 



30 



35 



{ 



Turn off AWLD at wheel 1; 

(1) = S^_^^f^O) 



) 



'/(/W0)^/*«,(1) + Tr) 



{ 



Turn off AWLD at wheel 0; 
S^„(0)-S^.^^„iO) 



40 



45 



where PrscO) 's the rollover stability control system request braking pressure at front wheels, P^^t 0) the estimated 
caliber pressure, and T is a pressure offset. As can been seen by the above logic, if either of the pressure requested 
by the front wheels Is less than or equal to an estimated caliper pressure plus an offset, the final wheel status of either 
of the front wheels is then set to the passive wheel status, therefore, the active wheel check for the particular wheel 
is disabled. 

[0191] If the vehicle has a diagonal spilt braking system, the following PRESSURE INHIBIT LOGIC will be used to 
turn off AWLD 



50 



55 



31 



BNSDOCiD: <EP 1386805A2J.> 



EP 1 386 805 A2 



'/(^«c(0)S/L(0)+Y) 

Turn off AWLD at wheel 1; 

^Wid 0-) — ^wlti- passive (0 

} 

{ 

Turn off AWLD at wheel 0; 
•S'.«(0) = 5«,„.^„,«(0) 

} 

[0192] Considering that during driver braking, the torque disturbance is enough to Initiate a solid PWLD result, the 
following DRIVER BRAKING DETECTION INTEGRATION LOGIC (DBDIL) is conducted 

20 

if {DRIVER _ BRAKING _ FLAG = 1 
{ 

Turn off AWLD at wheel /; 

^wid (0 = ^wM- passive (0 

} 



25 



30 



where 4^ is a threshold for driver braking pressure Panver 

[0193] Thus, as can be seen by the above logic, if the driver or vehicle operator applies the brakes a braking flag 
35 will be generated. If the brake pressure requested by the driver is above a threshold then active wheel lift is disabled 
for the wheel. That is, the final wheel status Is set to the passive wheel status. 

[0194] Considering that during a large driving torque application (for example, wide open throttle case), there are 
enough wheel torque disturbance to initiate a solid PWLD result, the following OPEN THROTTLE DETECTION INTE- 
GRATION LOGIC (OTDIL) 



40 



45 



50 



if {OPEN _ THROTTLE _ FLAG = 1 
{ 

Ti/rn off AWLD at wheel i; 

^wid^O — ^wld- passive ^0 

} 

where Thriving (') the positive driving torque applied to the Ith wheel due to engine torque and r is the threshold 

As the above logic shows, when the driving torque for a particular wheel due to engine is compared to a threshold, 
which Indicates a throttle status such as wide open throttle, the active wheel lift detection is disabled. That is, the final 
wheel lift status Swid is set to the passive wheei lift status. 
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ANGLE CORRECTIONS FROM WHEEL LIFT/QROUNDED DETERMINATION 

[0195] Referring now to Figure 1 0, the relationship of the various angles of the vehicle 1 0 relative to the road surface 
11 is illustrated. In the following a reference road bank angle 61^^^ is shown relative to the vehicle 1 0 on a road surface. 

5 The vehicle has a vehicle body 10a and wheel axle 10b. The wheel departure angle is the angle between the 
wheel axle and the road. The relative roll angle 6^^ is the angle between the wheel axle 10b and the body 10a. The 
global roil angle 6;^ is the angle between the horizontal plane (e.g., at sea level) and the vehicle body 10a. 
[0196] Another angle of innportance is the linear bank angle. The linear bank angle is a bank angle that is calculated 
more frequently (perhaps in every loop) by subtracting the relative roll angle generated fronn a linear roll dynamics of 

10 a vehicle (see U.S. 6.556,908 which is Incorporated by reference herein), from the calculated global roll angle (as the 
one in U.S. application number 09/789,656, which is Incorporated by reference herein). If all things were slowly changing 
without drifts, errors or the like, the linear bank angle and reference road bank angle terms would be equivalent. 
[0197] Referring now to Figure 11 . controller 26 Is illustrated in further detail. The controller 26 receives the various 
sensor signals 20, 28-39. From the various sensor signals wheel lift detection may be determined. The modules de- 

IS scribed below (and above) may be implemented in hardware or software In a general purpose computer (microproc* 
essor). From the wheel lift detection module 52, a determination of whether each wheel is absolutely grounded, possibly 
grounded, possibly lifted, or absolutely lifted may be determined, as described above. Transition detection module 252 
is used to detect when the vehicle is experiencing aggressive maneuver during a transition turn from the left to right 
or right to left. The sensors may also be used to determine a relative roll angle in relative roll angle module 54. Relative 

20 roll angle may be determined in many ways. One way is to use the roll acceleration module 258 in conjunction with 
the lateral acceleration sensor (see U.S. 6,556,908 incorporated by reference herein) for detail. As described above, 
the relative roll angle may be determined from the roll conditions described above. 

[0198] The various sensor signals may also be used to determine a relative pitch angle in relative pitch angle module 
256 and roll acceleration in roll acceleration module 258. The outputs of the wheel lift detection module 50, the transition 

25 detection module 52, and the relative roll angle module 54 are used to detemilne a wheel departure angle in wheel 
departure angle module 260. Various sensor signals and the relative pitch angle in relative pitch angle module 256 are 
used to detennine a relative velocity total in module 262. The road reference bank angle step 264 determines the bank 
angle. The relative pitch angle, the roll acceleration, and various other sensor signals as described below are used to 
detemriine the road reference bank angle. Other inputs may include a roll stability control event (RSC) and/or the 

30 presence of a recent yaw stability control event (WLDFlag). 

[0199] The global roll angle of the vehicle is determined in global roll angle module 266. The relative roll angle, the 
wheel departure angle, and the roll velocity total blocks are all inputs to the global roll angle module 266. The global 
roll angle block determines the global roll angle 6^^. An output module 68 receives the global roll angle module 266 and 
the road reference bank angle from the road reference bank angle module 264. A roll signal for control, which will be 

35 directly used In generating control command from the feedback control law, is developed in roll signal module 270. 
The roll signal for control is illustrated as arrow 272. A sensitizing and desensitizing module 74 may also be Included 
in the output module 68 to adjust the roll signal for control. 

[0200] In the reference road bank angle module 264, the reference bank angle estimate is calculated. The objective 
of the reference bank estimate is to track the true road bank angle experienced during driving in both stable and highly 
40 dynamic situations. Most importantly, when compared to the global roll estimate. It is intended to capture the occurrence 
and physical magnitude of a divergent roll condition (two wheel lift) should it occur. This signal is intended to be used 
as a comparator against the global roll estimate for calculating the error signal of the roll controller 26. 
[0201] The roll signal for control is calculated as the (6^ - ^refbank)^ > subtraction of the reference bank angle 
from the global roll angle. 

45 [0202] As mentioned above various errors not limited to integration, calculation and drift may enter into the various 
signals at various times. Thus, in certain situations the wheel departure angle or the reference bank angle may not be 
accurate. The following description describes ho\v these values can be updated in response to wheel lift/wheel ground- 
ed values. 

[0203] As described above, wheel lift detection Includes both detecting that the wheels are grounded and that the 
50 wheels are lifted. These conditions are relatively certain and thus may be used to update certain calculated values 
such as the reference roll angle and the wheel departure angle. 

[0204] Referring now to Figure 1 2, a high level flow chart illustrating the condition detection and the resulting actions 
according to this embodiment of the present invention is illustrated. In step 300 various sensors described above are 
read. In step 302 various method selections based upon the particular drive train are determined. For example, the 
55 method selection may adjust the various factors based upon the presence and condition of the center differential. This 
step will be further described in Figure 13. 

[0205] In step 304, passive wheel lifting/grounding detection is determined. Thereafter, in step 306, a final lifting/ 
grounding condition arbitration is performed. 
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[0206] Referring back to step 302, a parallel process to that of step 304 is described. In step 308 It is determined 
whether or not active detection is required. If active detection is not required step 306 is performed. If after detection 
is required, step 310 performs active wheel lift/grounding detection. Thereafter, step 306 arbitrates between the lifting 
and grounding conditions as described above. The arbitrated condition for each of the wheels of the vehicle is deter- 

5 mined. After step 306, the resulting actions from the wheel lifting/grounding conditions are detemnined. Step 304 is 
further described in Figure 14. Step 310 is further described in Figure 15 and step 312 is further described in Figure 16. 
[0207] As shown in step 268 of Figure 1 1 , the roll signal for control is ultimately determined. The roll signal for control 
is a function of the global roll angle and the reference roll angle. The reference bank angle may also be adjusted in 
response to the wheel departure angle and the relative roll angle generated from a linear roll dynamics model as will 

10 be further described below. 

[0208] Referring now to Figure 1 3, step 320 describes whether a center differential Is engaged. If the center differential 
is engaged in step 320, step 322 detemnines whether or not this engagement is feasible or required. If the disengage- 
ment is not feasible or required then step 328 selects an averaging method for the two sides of the vehicle. 
[0209] When the vehicle is in 4 x 4 mode, the front and rear axles are coupled through the driveshaft. This drivetrain 

15 coupling results in an unknown front/rear torque split and causes transient oscillations of the wheels. These factors 
prevent an accurate evaluation of lift for each wheel end, but lift can still be evaluated by treating the wheels on each 
side of the vehicle as a two-wheel system. By considering all torques on the two-wheel system and looking at the 
overall system response, a method analogous to the individual wheel method can be used to detect lift. 
[0210] For each side of the vehicle, the two-wheel system response is determined by averaging the responses of 

20 the front and rear wheels on that side. The key change for 4 x 4 wheel lift detection Is that the average wheel speeds 
and slip values (front averaged with rear for each side of the vehicle) are used instead of values for each individual 
wheel. The lift is evaluated for each side of the vehicle Instead of evaluating each wheel. By the above a robust iden- 
tification location of two wheel lift is determined. Single wheel life may be identified only when there is a sufficiently 
low amount of loading on the second wheel. 

25 [0211] In step 322 If the disengagement is feasible and required, step 324 disengages the center differential. There- 
after, step 326 is performed. Step 326 is also performed if the center differential is not engaged in step 320. An individual 
method is used in step 326. That is, individual method selects the individual wheels of the front or rear of the vehicle. 
[0212] Referring now to Figure 14, step 304 above is described in further detail. The grounding/lifting conditions 
described below may be determined within the wheel lift detection module. In step 330, the grounding condition is 

30 screened. If the grounding condition is determined in step 330, the passive wheel grounding condition detector is set. 
That is, the passive wheel lift being absolutely grounded is determined. In step 334, the passive detection arbitration 
logic receives the absolutely grounded condition for the wheel. In parallel, the lifting condition is screened in step 336. 
In step 336, if lifting condition is passively detected in step 338 the output is provided to passive detection arbitration 
logic 334. In steps 330 and 336, if an absolutely grounded or absolutely lifting condition is not determined, the AND 

35 block of step 340 Is used to fonn a no indication detector in step 342. After step 342 the passive detection arbitration 
logic 334 provides a final passive detection signal. The output of the passive detection arbitration logic 334 is an 
absolutely lifted condition, possibly lifted condition, an absolutely grounded condition, a possibly grounded condition, 
or a no indication detector. The no indication detector Is generated when the conditions are not absolutely or possibly 
true. That is, the conditions other than the aforementioned four conditions will be deemed as no indication. 

40 [021 3] Referring now to Figure 1 5, step 350 generates an active torque control. Steps 352, 354 and 356 con-esponded 
to the logic described above. That is, step 352 determines active wheel grounding in response to the active torque 
provided in step 350. In step 354 active wheel lift is detected and in step 356 a no indication detector is provided. In 
step 358, the no indication detector is conducted when the conditions are not absolutely or possibly true. The detection 
arbitration logic in step 358 thus provides an absolutely grounded condition, an absolutely lifted condition, possibly 

45 grounded condition, possibly lifted condition or a no indication for each of the wheels. 

[0214] Referring now to Figure 16, step 312 is illustrated in further detail. In step 312, the terminology illustrated on 
the figures is as follows: Fl is the front inside wheel of the turn, Rl is the rear inside wheel of the turn, AG is an absolutely 
grounded flag, Nl indicates no indication, AL indicates absolutely lifted, and WDA is the wheel departure angle. The 
front inside wheel and the rear inside wheel refer to the position of the wheels while making a turn. Thus, in a left hand 

50 turn the front inside wheel would be the left front wheel whereas the left rear wheel would be the rear inside wheel. In 
a right hand turn the front inside wheel is the front right wheel whereas the rear inside wheel is the rear right wheel. 
[0215] In steps 360 and 362 the front inside wheel and the rear inside wheel are detemnined whether or not they are 
absolutely grounded. If one or the other is absolutely grounded step 364 is executed. Thus, if either one of the front 
Inside wheel or the rear inside wheel is absolutely grounded, step 368 is executed. In step 368 the reference bank 

55 angle is ramped down toward the linear bank angle. Although one single adjustment could be made. In a control system 
it may be desirable to gradually increment the reference bank angle to the linear bank angle. This logic is true because 
the linear bank angle which is calculated more often than the reference bank angle is a more accurate representation 
of the road bank than the reference bank angle when at least one of the front or rear inside wheels is absolutely 
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grounded. After step 368, step 31 4 of Figure 1 2 is executed. In step 370 it is detemriined whether the front inside wheel 
is absolutely grounded or the front outside wheel is outside is less than or equal to a no indication status. Less than 
or equal to no indication status indicates absolutely or possibly grounded. In step 372 it is determined the right inside 
wheel Is absolutely grounded and if the rear outside wheel Is less than or equal to no indication. The outputs of steps 

5 370 and 372 are provided to an OR gate 374. Thus, If either of the conditions in steps 370 and 372 are true, then It Is 
detenmlned whether or not the system is in a transition maneuver in step 376. A transition maneuver refers to when 
the system is transitioning or turning from left to right or right to left. If a transition maneuver is not present in step 376, 
the step 378 is executed. In step 378 the estimated lateral acceleration generated from the steering wheel angle is 
detenmined. If such an estimated lateral acceleration magnitude is less than a threshold, step 380 is executed in which 

10 the wheel departure angle is set to zero. Thus, the wheel departure angle should not be greater than zero when the 
system is absolutely grounded. 

[0216] Referring back to steps 370 and 372, the outputs of these steps are also provided to an AND gate 382. If 
each of these conditions is true then the wheel departure angle is set to zero In step 380. After step 380. step 314 is 
executed from Figure 1 2. In step 390 the front inside wheel and rear inside wheel are determined if they are absolutely 

IS lifted. If these wheels are' absolutely lifted the sum of the wheel departure angle and aO^r is subtracted from the refer- 
ence bank angle. The a refers to a boost factor which, in this example, is 1 .1 . By subtracting this number from the 
reference bank angle, the roll signal for control angle is increased. This is desirable in a system so that an absolutely 
lifted condition increases the amount of control provided by the system. If the condition in step 390 is not true, the step 
394 is executed, in step 394 if either the front inside wheel is absolutely lifted or the rear inside wheel is absolutely 

20 lifted, step 396 is executed in which the wheel departure angle alone is subtracted from the reference bank angle. 
Thus, this indicates that some increase and the roll signal for control is provided. After step 396. step 314 from Figure 
12 is executed. In step 398 if the front inside wheel is absolutely lifted and the rear inside wheel is not absolutely 
grounded or the rear inside wheel is absolutely lifted and the front inside wheel is not absolutely grounded, step 400 
is executed. In this situation the wheel lift screening condition may stop checking the wheel lifting condition. Therefore. 

25 the wheel departure angle is continued or initiated in this step to provide some hysteresis in the wheel lifting detection. 
[0217] Thus as can be seen, the roll signal for control may be adjusted according to the wheel lift/wheel grounded 
conditions. 

[021 8] While the invention has been described in connection with one or more embodiments, it should be understood 
that the invention is not limited to those embodiments. On the contrary, the invention is intended to cover all alternatives, 
30 modifications, and equivalents, as may be Included within the spirit and scope of the appended claims. 



Claims 

35 1 . A method for controlling an automotive vehicle (10) having a plurality of wheels (1 2a), (1 2b), (1 3a), (1 3b) compris- 
ing: 

determining a yaw rate; 
determining a lateral acceleration; 
40 determining a roll rate; 

determining longitudinal acceleration; 

determining a calculated angle relative to the vehicle; 

generating a wheel lift signal or a wheel grounded signal as a function of yaw rate, lateral acceleration, roll 
rate and longitudinal acceleration; 
45 adjusting the calculated angle in response to the wheel lift or wheel grounded signal; and 

controlling a safety system In response to the calculated vehicle angle. 

2. A method as recited in claim 1 wherein determining a calculated angle comprising determining the calculated 
vehicle angle in response to the roll rate signal. 

50 

3. A method as recited in claim 1 wherein the calculated angle comprises a wheel departure angle. 

4. A method as recited in claim 1 wherein the calculated angle comprises a reference bank angle. 

55 5. A method as recited In claim 1 wherein the calculated angle comprises a relative roll angle. 

6. A method as recited in claim 1 further comprising determining a pitch acceleration and, wherein generating wheel 
lift or wheel grounded signal comprises determining wheel lift or wheel grounded signal as a function of yaw rate, 
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lateral acx:eleratlon, roll rate, longitudinal acceleration and pitch acceleration. 

7. A nnethod as recited In claim 1 further comprising controlling the safety system to counteract wheel lift. 

8. A method as recited in claim 1 wherein generating a wheel lift signal Is perfomned in response to a two wheel 
averaging method. 

9. A method of operating a control system (1 8) for an automotive vehicle (1 0) comprising: 

detecting a wheel grounded condition; and 

adjusting the reference bank angle toward the linear bank angle in response to the wheel grounded condition. 

10. A method as recited in claim 9 wherein adjusting comprises adjusting the reference bank angle to the linear bank 
angle. 

11. A method as recited in claim 9 wherein adjusting comprises incrementally adjusting the reference bank angle to 
the linear bank angle. 

12. A method as recited In claim 9 wherein detecting a wheel grounded condition comprises detecting an absolutely 
grounded condition. 

13. A method as recited in claim 9 further comprising detemnining a yaw rate; 

determining a lateral acceleration; 

determining a roll rate; 

detemnining longitudinal acceleration; 

wherein determining a wheel grounded condition comprises detemnining a wheel grounded condition in re- 
sponse to the lateral acceleration, the roll rate, the yaw rate and the longitudinal acceleration. 

14. A method of operating a control system (18) for an automotive vehicle (10) comprising: 

detecting awheel grounded condition; and 

setting a wheel departure angle to about zero In response to the absolutely grounded condition. 

15. A method as recited in claim 14 wherein detecting a wheel grounded condition comprises detecting a front inside 
wheel, and a rear inside wheel are absolutely grounded. 

16. A method as recited in claim 14 wherein detecting a wheel grounded condition comprises detecting a front outside 
wheel, and a rear outside wheel are absolutely grounded or possibly grounded. 

17. A method as recited in claim 14 wherein detecting a wheel grounded condition comprises detecting a front inside 
wheel and a front outside wheel is absolutely grounded or possibly grounded, or a rear inside wheel is absolutely 
grounded and a rear outside wheel is absolutely grounded or possibly grounded. 

18. A method as recited in claim 1 4 further comprising determining a calculated steering angle, wherein setting a wheel 
departure angle to about zero comprises setting a wheel departure angle to about zero in response to the calculated 
steering angle. 

19. A method as recited in claim 14 further comprising adjusting the roll signal for control in response to the wheel 
departure angle after setting the wheel departure to about zero. 

20. A method as recited in claim 1 4 further comprising setting the wheel departure angle to about zero in response to 
a transition maneuver. 

21. A method as recited In claim 14 further comprising determining a yaw rate; 

detenmining a lateral acceleration; 

determining a roll rate; 

determining longitudinal acceleration; 

wherein determining a wheel grounded condition comprises determining a wheel grounded condition in re- 
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sponse to the lateral acceleration, the roll rate, yaw rate and longitudinal acceleration. 

22. A method of operating a control system (1 8) for a vehicle (1 0) comprising: 

5 determining a wheel lift condition; and 

adjusting the roll signal for control in response to the absolutely lifted condition. 

23. A method as recited In claim 22 wherein the roll signal for control is a function of a reference bank angle, adjusting 
the roll signal for control comprises adjusting a reference bank angle. 

10 

24. A method as recited in claim 22 wherein adjusting a reference bank angle comprises subtracting a wheel departure 
angle from the reference bank angle. 

25. A method as recited in claim 24 wherein the step of subtracting is performed when a front inside wheel is absolutely 
15 fitted or a rear Inside wheel is absolutely lifted. 

26. A method as recited in claim 22 wherein adjusting a reference bank angle comprises subtracting a wheel departure 
angle and a relative roll angle from the reference bank angle. 

20 27. A method as recited in claim 22 wherein adjusting a reference bank angle comprises subtracting a wheel departure 
angle and a relative roll angle increased by a factor from the reference bank angle. 

28. A method as recited in claim 22 wherein the step of subtracting is performed when a front inside wheel is absolutely 
lifted and a rear inside wheel is absolutely lifted. 

25 

29. A method as recited in claim 22 further comprising detemilning a yaw rate; 

determining a lateral acceleration; 
determining a roll rate; 
determining longitudinal acceleration; 
30 wherein determining a wheel lift condition comprises determining a wheel lift condition in response to the 

lateral acceleration, the roll rate, yaw rate and longitudinal acceleration. 

30. A method of operating a control system (1 8) for a vehicle (10) comprising: 

35 detennining a front inside wheel lift state; 

determining a rear inside wheel lift state; 

when the front inside wheel lift state is lifted and the rear inside wheel is not grounded or the rear wheel is 
lifted and the front inside wheel is not grounded, calculating a wheel departure angle. 

40 31. A method as recited in claim 30 wherein lifted is absolutely lifted. 

32. A method as recited in claim 30 wherein grounded is absolutely grounded. 

33. A method of operating a control system (18) for a vehicle (10); 
45 providing a first wheel lift detection method; 

providing a second wheel lift detection method; 
determining a vehicle configuration or setting; and 

switching between the first wheel lift detection method and second wheel lift detection method in response 
to the vehicle configuration or setting. 
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